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RHIZOBACTERIA ASSOCIATED WITH GLYPHOSATE-RESISTANT 
SOYBEAN (GLYCINE MAX) 
 
Su-Jung Kim 
Dr. Robert J. Kremer, Dissertation Supervisor 
 
ABSTRACT 
 Introduction of glyphosate-resistant (GR) soybean into cropping systems has 
increased application frequency of glyphosate, which may affect rhizosphere microbial 
functions, including rhizobacterial activities involved in indole-3-acetic acid (IAA) 
production, and soil C and N mineralization resulting from increased root exudation of 
GR soybean. Also, subsequent use of commercial foliar amendments such as 
biostimulants may offset impacts of glyphosate in the rhizosphere of GR soybean. IAA 
biosynthesis by bacteria occurs widely in rhizospheres. Bacterial species able to 
synthesize IAA may be exploited for beneficial interactions in crop management systems 
including weed growth suppression. Ivyleaf morningglory (Ipomoea hederacea) is a 
noxious weed and is one of the most competitive weed species in soybean production. 
The research was conducted to examine the impact of GR soybean treated with 
glyphosate on rhizobacterial activities involved in IAA production and soil C and N 
mineralization in different soil management systems; to determine the effects of 
commercial foliar amendments on microbial activities in the rhizosphere of GR soybean 
under glyphosate treatment; and to characterize the effects of selected deleterious 
rhizobacteria from the soybean rhizosphere on the root growth of ivyleaf morningglory 
(Ipomoea hederacea) seedlings. GR soybean modified the composition of overall 
- xiii - 
rhizobacteria populations and the proportion of IAA-producing rhizobacteria. Glyphosate 
and foliar amendments affected soil microbial respiration, N mineralization, and urease 
activity to a limited extent, possibly due to reduced levels of root exudates caused by the 
treatments. Inhibition of ivyleaf morningglory seedling growth by Bradyrhizobium 
japonicum isolate GD3 was greater than IAA alone. Certain rhizobacteria in the soybean 
rhizosphere may be potential biocontrol agents for managing selected weeds including 
ivyleaf morningglory, which is difficult to control with glyphosate in many cropping 
systems.  
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CHAPTER 1 
GENERAL INTRODUCTION  
 
Effects of glyphosate and foliar amendments on the rhizosphere of glyphosate-
resistant soybean 
The intensive use of herbicides has recently increased concerns about their 
potential environmental impact on ecosystems.  Consistent expansion of the global area 
of transgenic herbicide-resistant crops has also increased herbicide use (James, 2004) by 
allowing producers to apply post-emergence herbicides for broad-spectrum weed control. 
Application of glyphosate herbicide in crop production systems has increased since the 
introduction of the first glyphosate-resistant (GR) crops in 1997. Continued cultivation of 
GR crops and frequent use of glyphosate could lead to modifications in the soil ecology 
including altered soil microbial populations and activity. GR soybean is the most widely 
cultivated among GR crops. Few studies are available on the effect of repeated 
glyphosate applications in a glyphosate-resistant cropping system on soil microbial 
properties under field conditions (Liphadzi et al., 2005) 
Soil microorganisms continually interact with plants, especially in the rhizosphere, 
where microenvironments exist in which microorganisms readily metabolize organic 
compounds released from plant roots (Kremer, 2006). Microbial composition may change 
in response to variations in quantities and composition of organic compounds released in 
root exudates and to the buildup of metabolites by microbial activity that detrimentally 
affect growth of certain microorganisms in the rhizosphere community. These changes in 
organic compounds may occur due to agricultural management practices as well as soil 
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factors. Pesticide application represents one example of agricultural management 
practices that not only directly influences plants but also indirectly affects 
microorganisms through alteration of root exudation and release of the pesticide into the 
rhizosphere (Kremer et al., 2005). Among the organic compounds released into the 
rhizosphere are plant-growth regulators (PGRs; Frankenberger and Arshad, 1995).  The 
PGRs, such as auxins, gibberellins, and cytokinins, originate partly from plants and some 
may be produced by a variety of microorganisms.  
Indole-3-acetic acid (IAA) is a representative auxin and the final compound in the 
auxin metabolic pathway (Appendix 13). Biosynthesis of IAA is mediated by up to 80 % 
of bacteria in rhizospheres depending on soil conditions and plant species. Therefore, 
pesticide application may positively or negatively affect microorganisms that synthesize 
auxin-like compounds in the rhizosphere due to the direct effects of the pesticide on 
microbial activity or indirectly by promoting those microorganisms able to metabolize 
the pesticide (Brimecombe et al., 2001).  Other soil microbial activities that may be 
sensitive to continuous glyphosate application include soil respiration and enzyme 
activities involved in nutrient transformations such as N mineralization. 
Various products are commercially available to improve crop growth and 
productivity and may offset possible adverse side-effects of herbicides or other plant-
protecting agents applied to the crop. Soil biostimulants are biological preparations 
developed to improve plant productivity directly or indirectly via widely varying 
mechanisms including: inoculation of soil with beneficial microorganisms, activation of 
soil microbial activity, promotion or augmentation of the activities of critical soil 
enzymes, addition of plant growth hormones, and supplementation with micronutrients.  
- 3 - 
 Because the GR soybean cropping system is in widespread use and little information is 
available on the impact of continuous use of glyphosate on the soil microbial community, 
a series of experiments in field and greenhouse environments were conducted to 
determine the response of specific bacterial populations and activities to glyphosate in 
GR soybean.  
 The hypotheses for this research were: 
1. The increased IAA synthesis correlates with the inhibition of plant growth. 
Glyphosate may increase populations of rhizobacteria which synthesize IAA and 
may influence the IAA synthesis in rhizobacteria. Foliar amendments may offset 
potential impacts of glyphosate on IAA-producing rhizobacteria of GR soybean. 
2. Glyphosate applied to glyphosate-resistant soybean affects microbial activity in 
the rhizosphere and alters the balance of organic C and N. Foliar amendments 
may offset potential impacts of glyphosate on rhizosphere activities of GR 
soybean. 
3. Weed growth is suppressed significantly by deleterious rhizosphere bacteria 
(DRB) which synthesize higher amounts of auxins.  
4. Rhizobacteria colonize root surfaces of ivyleaf morningglory (Ipomoea 
hederacea) with readily detectable colonization sites and modifications of cellular 
structure. 
Therefore, the objectives were:  
1. To determine the effects of glyphosate (Roundup Ultra Max®) and  foliar 
amendment treatments including a urea solution (21 %) and a commercial 
- 4 - 
biostimulant applied to glyphosate-resistant soybean (Glycine max; ‘Roundup-
Ready’ soybean) on microbial activity in the rhizosphere. 
2. To describe changes in bacterial populations which synthesize IAA in the GR 
soybean rhizosphere. 
3. To characterize the effects of selected DRB derived from the soybean rhizosphere 
and IAA on the root growth of ivyleaf morningglory seedlings in a hydroponic 
system and soil.  
4. To characterize the root colonization by rhizobacteria and induced effects on root 
cellular structure of weed seedlings by rhizobacteria using Scanning electron 
microscopy and Transmission electron microscopy. 
 
Field experiments 
 A field experiment was designed to address objectives 1 and 2 presented in chapter 3 and 
4. The study was conducted in 2002 and 2003 at Bradford Research and Extension Center 
(BREC) of the University of Missouri, 17 km east of Columbia, MO (38°53’N, 92°12’W). 
The soil is classified as a Mexico silt loam (fine, smectitic, mesic, Aeric Vertic 
Epiaqualf). The field was disked with a disk harrow, fertilized and managed consistent 
with practices common to soybean production in Missouri (Wiebold and De Felice, 
1993). Composite soil samples consisting of four sub-samples were collected with a 
probe (5-cm diameter by 16-cm deep) at each treatment area and analyzed by the Soil and 
Plant Testing Laboratory at the University of Missouri, Columbia for selected soil 
properties (Table 1.1).  Daily and cumulative precipitation data recorded near the 
experimental site were obtained from the BREC weather station (Fig. 1.1).  
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Glyphosate-resistant soybean (‘Roundup-Ready’ soybean, DeKalb DKB38-52) 
was planted in 0.76 m rows. The planting dates were June 19, 2002 and June 6, 2003. 
Each treatment replicate plot was 3.66 m wide by 3.05 m long with four rows. 
Glyphosate (Roundup Ultra Max®) and non-glyphosate treatments were applied to main 
plots; the foliar amendments, urea solution (21.0 % nitrogen; PT-21®), biostimulant 
(containing a mixture of boric acid, cobalt sulfate, copper sulfate, ferric nitrate, 
manganese nitrate, sodium molybdate, zinc nitrate and enzyme systems; Grozyme®), or 
no foliar amendment were applied to the split-plots. PT-21® and Grozyme® were 
obtained from Ag Spectrum Company (DeWitt, Iowa).  Glyphosate was applied at 0.84 
kg ae·ha-1 rate with a 130 L · ha-1 spray volume at pressure of 138 Kpa using 11003 
nozzles (Spraying Systems) on July 22, 2002 and July 1, 2003.  At the time of application, 
soybeans were at the V4-V5 vegetative stage of growth (Hanway and Thompson, 1971).  
Main plots not receiving glyphosate were sprayed post-emergence with a tank-mix of 
clethodem (Reflex 2LC®; 0.42 kg ai·ha-1) and fomesafen (Select 2EC®; 0.175 kg ai·ha-1) 
with 1.101 L crop oil concentrate in 2003.  At 10 days after glyphosate application, urea 
solution (9.2 kg·ha-1) and biostimulant (33.5 ml·ha-1) were applied to soybean foliage 
using a backpack sprayer.  
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Experimental design for field experiment 
 The field experiment was conducted with a randomized complete block design during the 
2002 and 2003 cropping seasons at the BREC. Main blocks were glyphosate (Gly) and no 
glyphosate; split plots were the biostimulant (Bio) and urea solution (US) foliar 
amendments.  The biostimulant plus urea solution (Bio+US) treatment was not 
investigated in this study.  
 
Block I  Block II  Block III  Block IV 
None None  Bio Bio  US US  Bio Bio 
           
Bio Bio  Bio+US Bio+US  None None  Bio+US Bio+US 
           
US US  None None  Bio+US Bio+US  US US 
           
Bio+US Bio+US  US US  Bio Bio  None None 
           
Gly   No Gly        
 
Fig. 1. 1. A split-block design layout of the field experiments in 2002 and 2003. 
 
Statistical model 
 Statistical model was repeated measures (4 sample dates) of a randomized complete 
block of 2 herbicides (No Gly or Gly) and 3 foliar amendments (Bio, US, or None) for a 
total of 6 treatments with 4 replications. Sampling dates in 2002 were July 22, August 1, 
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August 11, and August 21. Sampling dates in 2003 were July 1, July 11, July 22, and 
August 1. 
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Fig. 1. 2. Daily (bars) and cumulative precipitation (line) for the (A) 2002 and (B) 
2003 growing seasons at the BREC, University of Missouri. Arrows indicate 1st and 
4th sampling dates during the seasons. 
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Greenhouse experiments 
 In order to verify variables to be examined of field studies and to investigate effects due 
to different soybean cultivars and contrasting soil management, the field treatments were 
examined under controlled conditions in the greenhouse. The greenhouse experiment was 
conducted at the USDA-ARS Ashland Gravel Road Greenhouse in Columbia, MO in 
2005.  Five to 7 seeds of GR soybean (Roundup-Ready soybean; Pioneer 94B01) and 
non-transgenic soybean (Williams 82) were planted in 14.5-cm by 15.5-cm round plastic 
pots. Soil was collected from the A horizons of Mexico silt loam (fine, smectitic, mesic, 
Aeric Vertic Epiaqualfs) from BREC and Tucker Prairie (TP) and sieved (5 mm-mesh).  
TP, 32 km east of Columbia, MO (38°53.56´N, 91°43.57´W), consisting of native warm-
season grasses and forbs, was selected to represent an uncultivated native-prairie 
reference site. Initial soil characteristics are given in Table 1.1. Each soil was air-dried, 
then packed into the pots to establish a bulk density of 1.2 g · cm-3.  Soils from each site 
were not fertilized nor amended further before planting.  Consistent soil water (BREC, 
0.33 g·g-1; TP, 0.36 g·g-1) contents were maintained.  
 The statistical model was repeated measures (4 sampling dates) of a randomized 
complete block design with 5 replicates of 2 soils (BREC and TP); 3 soybean cultivars 
with a herbicide treatment (GR soybean without glyphosate, GR soybean with glyphosate, 
and non-transgenic soybean without glyphosate); and 3 foliar amendment treatments 
(urea solution, biostimulant, or none) for a total of 18 treatments. Glyphosate (Roundup 
Ultra Max®) was applied to appropriate block strips at 0.84 kg a.e. · ha-1 rate using a 
pressurized sprayer to GR soybean at the V4-V5 growth stage.  Control plants and non-
transgenic soybean did not receive glyphosate.  Day and night temperatures in the 
- 9 - 
greenhouse averaged 15 and 30 ºC, respectively. At 10 days after glyphosate application, 
urea solution (9.2 kg·ha-1) and biostimulant (33.5 ml·ha-1) were applied to soybean foliage 
using a backpack sprayer. Sampling dates in 2005 were March 11, March 21, March 31, 
and April 10. 
 
Experimental design for greenhouse experiment 
 Treatments consisted of two soybean varieties [glyphosate-resistant (GR) soybean or 
non-transgenic soybean (W82)] receiving glyphosate (GR soybean) or no herbicide (GR 
and W82). Foliar amendment treatments included biostimulant (Bio), urea solution (US), 
or none.  Two soils collected from the A horizon of a Mexico silt loam (fine, smectitic, 
mesic Aeric Vertic Epiaqualfs) at the BREC or Tucker Prairie (TP) were used. Five to 7 
seeds of GR soybean and W82 soybean were planted in 14.5 cm by 15.5 cm round plastic 
pots.  
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 Table 1. 1. Treatment combinations in the greenhouse. 
 
Treatment Soil Soybean  variety Herbicide Foliar amendment 
1 TP W82 No Gly Bio 
2 TP W82 No Gly None 
3 TP W82 No Gly US 
4 TP GR No Gly Bio 
5 TP GR No Gly None 
6 TP GR No Gly US 
7 TP GR Gly Bio 
8 TP GR Gly None 
9 TP GR Gly US 
10 BREC W82 No Gly Bio 
11 BREC W82 No Gly None 
12 BREC W82 No Gly US 
13 BREC GR No Gly Bio 
14 BREC GR No Gly None 
15 BREC GR No Gly US 
16 BREC GR Gly Bio 
17 BREC GR Gly None 
18 BREC GR Gly US 
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Outline of dissertation 
Chapters 3 through 6 of the following dissertation have been prepared in a format 
suitable for submission for publication in a refereed journal.  Chapter 3 addresses 
relationships of glyphosate and foliar amendments with IAA-producing bacteria in the 
rhizosphere of GR soybean cultivated in the field and greenhouse.  Chapter 4 addresses 
microbial activity in the rhizosphere of GR soybean treated with glyphosate and foliar 
amendments in the field and greenhouse. Chapter 5 examines the influence of specific 
rhizobacterial isolates and IAA on the growth response of ivyleaf morningglory (Ipomoea 
hederacea) seedlings. Chapter 6 addresses scanning and transmission electron 
microscopies of root colonization of ivyleaf morningglory seedlings by certain 
rhizobacteria.  A general summary of the research study is presented in Chapter 7.  
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Table 1. 4. Abbreviations used in this dissertation. 
Abbreviation Full name 
AMPA Aminomethylphosphonic acid  
Bio Biostimulant 
BREC Bradford Research and Extension  Center 
DAA Days after application 
DRB Deleterious rhizobacteria 
EPSP 5-enolpyruvylshikimic acid-3-phosphate 
FAs Foliar amendments 
Gly Glyphosate 
GR soybean Glyphosate-resistant soybean 
IAA Indole-3-acetic acid 
IPR IAA-producing rhizobacteria 
PGRs Plant-growth regulators 
SEM Scanning electron microscopy 
TB Total bacteria 
TEM Transmission electron microscopy 
TP Tucker prairie 
US Urea solution 
W82 Non-transgenic soybean (Williams 82) 
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CHAPTER 2 
LITERATURE REVIEW 
 
Glyphosate and glyphosate-resistant soybean  
Weed management is more important than all other pest management strategies 
combined to minimize economic losses in cropping systems. The introduction of 
glyphosate-resistant (GR) soybean has changed traditional herbicide management from a 
system based largely on soil-applied residual herbicides for specific weed species to 
almost complete reliance on post-emergence applications of herbicides which non-
selectively control weeds.  
Glyphosate (N-[phosphonomethyl]glycine) is a broad spectrum, non-selective 
herbicide of grasses and broadleaf weeds and a single post-emergence application is 
usually sufficient to control weeds in crops planted in narrow rows (Ateh and Harvey, 
1999; Culpepper et al., 2000; Wait et al., 1999). The mode of action of glyphosate 
appears to be inhibition of 5-enolpyruvylshikimic acid-3-phosphate (EPSP) synthase, an 
enzyme in the shikimic acid pathway of aromatic amino acid biosynthesis. The final 
products are the amino acids: phenylalanine (Phe), tyrosine (Tyr), and trytophan (Try), 
preceded by the production of chorismate, the important branch point intermediate 
(Ahrens, 1994; Carlisle and Trevors, 1988; Franz et al., 1997; Appendix 12).  
Glyphosate is a systemic herbicide within the plant, which generally undergoes 
little metabolism and is readily translocated throughout the plant within a few days after 
application (Duke, 1988). Glyphosate and the principle degradation product, 
aminomethylphosphonic acid (AMPA), accumulated within the roots of field horsetail 
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(Equisetum arvense L.) at 3.28 % of the applied dose 14 d after glyphosate treatment 
(Marshall et al., 1987). Significant concentrations (< 0.3 mM) of glyphosate were 
translocated within root tissues of susceptible plants at 55 to 70 % of the applied 
glyphosate after 24 h (Honegger et al., 1986). Recently, application of glyphosate with or 
without commonly used herbicides to GR soybean significantly increased glyphosate 
concentrations in GR soybean seeds (Duke et al., 2003); frequent application (more than 
two times) increased glyphosate in GR soybean leaves, stems, and grains (Arregui, et al., 
2003). Furthermore, increased applications of glyphosate to GR soybean can cause injury, 
which includes decreased chlorophyll contents under certain environmental conditions 
such as high or low temperature, water availability, or nutritional status, suggesting a 
potential to decrease grain yield (Johnson et al., 2002; King et al., 2001; Reddy et al., 
2000).  
Previous studies have shown that several annual weeds, such as ivyleaf 
morningglory (Ipomoea hederacea L., Jacq.), velvetleaf (Abutilon theophrasti Medik.), 
and acanthaceas (Dicliptera chinensis Juss.) are more difficult to control than many other 
common weeds using a single application of glyphosate (Jordan et al., 1997; Krausz et al., 
1996; Yuan et al., 2002). Acanthaceas, a unique annual weed in East Asia, has shown 
some tolerance to glyphosate by significantly increasing EPSP synthase (Yuan et al., 
2002). Bindweed (Convolvulus arvensis L.), a perennial weed, has shown natural 
tolerance to glyphosate (De Gennaro and Weller, 1984; Westwood and Weller, 1997). 
Glyphosate is also less effective in controlling growth of morningglory (Ipomoea spp.) 
than other weed species (Shaw and Arnold, 2002). Due to a lack of soil residual activity, 
weeds may emerge after the application of glyphosate. Infestation within a crop 
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production field of herbicide-tolerant weeds may become a potential problem with 
continuous use of glyphosate.  
 
Influences of glyphosate on soil microbial activity  
Frequent applications may lead to high concentrations of glyphosate directly 
reaching the soil surface during a given season. Although it is widely assumed that 
glyphosate in contact with soil is rapidly adsorbed and inactivated, the widespread 
cultivation of GR crops has raised concerns regarding the potential environmental impact 
of increased applications of glyphosate associated with these crops. Herbicidal activity 
may be blocked due to inactivation in soils as a result of biodegradation and adsorption to 
soil colloids depending on soil nutrient and pH status, temperature, and moisture. 
Alternatively, glyphosate transported to roots of susceptible plants (Honegger et al., 
1986) and GR crops (Kremer et al., 2005; Means, 2004) may be released into the 
rhizosphere and indirectly affect the activity and composition of rhizosphere 
microorganisms. Means (2004) demonstrated that application of glyphosate to GR 
soybean increased populations of Fusarium spp. and other fungi in the rhizosphere. 
Kremer et al. (2005) suggested that significantly increased carbohydrate and amino acid 
contents in root exudates from GR soybean combined with glyphosate released into the 
rhizosphere could stimulate growth of selected Fusarium spp. In addition, increasing the 
application rate of glyphosate to 1.12 kg a.i.· ha-1 significantly inhibited the nodule 
number and nodule biomass on GR soybean by 30 % and 39 % (Reddy et al., 2000). 
Growth inhibition of B. japonicum with NH4NO3 liquid fertilizer at 0.5 mM by 
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glyphosate resulted in reduced N fixation, eventually reduced nitrogenase activity and 
nodule formation (Gibson and Harper, 1985; Reddy et al., 2000). 
A great deal of research has been conducted on the effects of glyphosate on 
microbial activity and properties of glyphosate in soil (Busse et al., 2001; Forlani et al., 
1999; Haney et al., 2000; Haney et al., 2002a; Haney et al., 2002b; Morillo et al., 1997). 
The initial rate of glyphosate degradation correlates positively with the soil respiration 
rate, an estimate of microbial activity. The principle degradation product, AMPA, is also 
degraded by soil microorganisms. Enzymatic degradation of glyphosate by soil 
microorganisms requires the cofactors pyruvate and pyridoxyl phosphate (Talbot et al., 
1984). This may reflect early metabolism of free glyphosate, followed by slower 
degradation of soil-metabolite complexes.  
Considerable research has been published on an effect of the cation exchange 
properties of  soil on the sorption of glyphosate, generally increasing in the order Na+ < 
Mg2+ < Ca2+ < Zn2+ < Mn2+ < Fe3+ < Al3+, suggesting that coordination bonding of the 
phosphoric acid moiety of glyphosate with surface-exchanged polyvalent cations, 
especially Fe3+ and Al3+, plays an important role. Therefore, presence and quantity of 
Fe3+ and Al3+ in soil may inhibit glyphosate degradation (Glass, 1987; Hance, 1976; 
McBride and Kung, 1989; Moshier and Penner, 1978; Sprankle et al., 1975a, b). 
Alexander (1977) reported that herbicides with low C:N ratios (<15) might be 
readily mineralized because N in excess of microbial demand can be released in the 
inorganic form. Glyphosate has a C:N ratio of 3:1 and  might have a potential effect on 
soil microbial activity in different fertilizer management systems. On the other hand, 
some contradictory laboratory studies demonstrated that only a limited number of 
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microorganisms were isolated that are able to use glyphosate as a C, N, or P source (Dick 
and Quinn, 1995; Klimek et al., 2001; Krzysko-Lupicka and Orlik, 1997; Liu et al., 1991). 
The effect of glyphosate on respiration in soil (Carlisle and Trevors, 1986a; Haney et al., 
2000; Von Wirén-Lehr et al., 1997) and N transformation (Carlisle and Trevors, 1986b; 
Haney et al., 2000), however, results in significant stimulation of soil microbial activity 
as measured by C and N mineralization, and increased soil microbial biomass (Haney et 
al. 2002a, b). Soil microorganisms capable of degrading glyphosate as the sole source of 
phosphorus have also been studied. Although there is evidence that most microbial 
degradation of glyphosate is through co-metabolism, strains of Pseudomonas sp. and 
Alcaligenes sp. have been isolated that use glyphosate as a sole phosphorus source under 
low concentrations of inorganic phosphate (Dekker and Duke, 1995; Forlani et al., 1999). 
In addition to bacterial strains, strains of soil fungi (species of Mucor, Trichoderma, and 
Fusarium) capable of degrading glyphosate were isolated because glyphosate could serve 
as a sole source of phosphorus and/or carbon. Glyphosate may change fungal community 
composition based on the competitive saprophytic ability of soil fungi (Krzysko-Lupicka 
and Orlik, 1997). In contrast, since sufficient phosphate is usually present in most 
environments to satisfy microbial demand, glyphosate is most often degraded to AMPA, 
a compound in which the C-P bond is still conserved. Interestingly, given AMPA as the 
sole source of nitrogen, the growth of Penicillium chrysogenum isolates was limited, 
suggesting that the isolate was impaired in coding for the nitrate reductase gene due to 
the permeability of cells to glyphosate (Klimek et al., 2001). 
 
Effects of urea solution and a biostimulant on plants and soil microbial activity 
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 Increasing food production to meet the needs of a growing population is largely 
conditioned by the efficiency of agricultural fertilizers to supply nutrients to crops. The 
use of urea as a nitrogen fertilizer has increased tremendously in the last 3-4 decades on a 
global basis. Urea solution (PT-21; AgSpectrum Co, De Witt Iowa) is composed of 21 % 
urea nitrogen and is applied as a foliar amendment. Urea easily penetrates the cuticle and 
cell wall of leaves and is hydrolyzed rapidly in the cytosol (Nicoulaud and Bloom, 1996). 
Gradual redistribution of urea-derived N from source to sink has also been observed, for 
example, in olive (Olea europaea; Klein and Weinbaum, 1984), maize (Zea mays; Below 
et al., 1985), and soybean (Glycine max; Vasilas et al., 1980). The NH3 released through 
urea hydrolysis may be transported into the chloroplast for assimilation by the 
chloroplastic glutamine synthetase (Lam et al., 1996). Alternatively, NH4+ may be 
assimilated directly by cytosolic glutamine synthetase, which is limited to the phloem 
parenchyma cells in leaves (Edwards et al., 1990).  
 Soybean varieties have a high rate of reproductive abscission, leading to a potential 
decrease in grain yield due to temperature, precipitation, and N deficiency effects 
(Heitholt et al., 1986; Huff and Bybing, 1980). Increased applications of urea solution on 
soybean may minimize a high percentage of soybean reproductive abscission, resulting in 
decrease of grain yield (Oko et al., 2003). Urea solution applied on GR crops may thus 
reduce crop injury resulting from increased applications of glyphosate during the growing 
season.  
 In soil, urea is transformed into ammonium carbonate [(NH4)2CO3] by action of a 
hydrolytic enzyme, urease. The ammonium carbonate decomposes producing the gases, 
ammonia and carbon dioxide (NH3 and CO2, respectively), and water. Although urease is 
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largely of microbial origin, part of it may originate from plants and animal remains in soil. 
It is present as an accumulated soil enzyme, adsorbed on organic and mineral soil 
particles, and/or complexed with humic substances. In most soils, activity of the 
accumulated urease is too high, resulting in a rapid hydrolysis of urea with concomitant 
increase in pH at the site of hydrolysis and the release of ammonia (NH3). The free 
ammonia may damage germinating seeds and young plants, and it may be lost through 
volatilization. The high ammonium (NH4+) concentration and pH hinder the bacterial 
oxidation of nitrites (NO2-) into nitrates (NO3-). Consequently, the nitrites accumulate in 
toxic concentrations. Moreover, volatilization of ammonia may constitute an air pollution 
problem via a buildup of nitrous oxide (N2O), which contributes to the greenhouse effect 
and the destruction of the stratospheric ozone layer (Brady and Weil, 2002). 
Soil biostimulants are claimed to improve plant productivity directly or indirectly 
via widely varying mechanisms including: activation of soil microbial activity, promotion 
or augmentation of the activities of critical soil enzymes or plant growth hormones and 
supplementation with micronutrients. However, there is little scientific evidence to 
support or refute the claims of most of these products. Despite the general lack of 
information on the effects of biostimulants on soil-plant systems, there is good evidence 
that these treatments, when applied to the soil at low rates can alter soil microbial 
communities and activities, stimulate the decomposition and mineralization of organic 
materials in the soil, increase nutrient availability, and enhance plant growth (Chen et al., 
2002). However, when the precise mechanisms involved in plant growth regulators 
(indoleacetic acid, gibberellic acid, and kinetin) by which soil biostimulants influence 
soil and plant processes were studied, there was little evidence for the activities of plant 
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growth regulators in the certain plant (corn and pea) bioassays, although these 
biostimulants had significant biological activity at low concentrations (Subler et al., 
1998). 
 
Indole-3-acetic acid (IAA) production by rhizobacteria  
There are five classes of hormones that influence plant growth: auxins, cytokinins, 
gibberellins, ethylene, and abscisic acid. Auxins are compounds that stimulate plant 
growth and several chemical structures have been identified including: indole-3-pyruvic 
acid (IPyA), indole-3-acetaldehyde (IAAld), indole-3-acetonitrile (IAN), and IAA. IpyA, 
IAAld, and IAN are actually precursors of IAA. Natural auxins contribute to modes of 
action of many herbicides that interfere with plant growth such as 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) 
(Patten and Glick, 1996). 
It has been discovered that several microorganisms that typically inhabit the 
rhizosphere produce the auxin compound, IAA, identical to that found in plants. Auxin 
compounds as well as all other aromatic compounds produced in plants and 
microorganisms originate in the shikimic acid pathway, which can be blocked by 
inhibition of EPSP synthase by glyphosate (Slovin et al., 1999).  
Microbial IAA has been implicated in the stimulation of growth and in 
pathogenesis of plants. It would seem, therefore, that two sources of this growth-
regulating signal might naturally influence plant growth: endogenous production within 
the plant tissues and exogenous production by closely associated microbes. Methods for 
measuring IAA have evolved from colorimetric assays using Salkowski reagent to high 
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performance liquid chromatography (HPLC; Fuentes-Ramirez et al., 1993; Leinhos and 
Vacek, 1994; Prikryl et al., 1985). Crozier et al. (1988) suggested that the colorimetric 
assay was not a reliable measure specifically for IAA because several auxin-like 
compounds including IAA are detected. The colorimetric assay may, therefore, be 
considered a measure of the total amount of auxins.  
 It has been suggested that up to 80% of bacteria isolated from the rhizosphere can 
produce IAA (Loper and Schroth, 1986). For example, Enterobacter taylorae (Sarwar 
and Kremer, 1995) and Pseudomonas putida (Xie et al., 1996) each synthesize high 
amounts of IAA, which is related to their ability to inhibit plant growth. Several 
microorganisms such as Agrobacterium tumefaciens (Klee et al., 1984; Liu et al., 1982; 
Schröder et al., 1984), A. rhizogenese (Costacura and Vanderleyden, 1995; Gaudin et al., 
1994), Erwinia herbicola (Manulis et al., 1991), and P. syringae (Gaffney et al., 1990) 
have been investigated for IAA biosynthesis pathways involved in formation of galls 
during pathogenesis. A. tumefaciens (Klee et al., 1984; Liu et al., 1982; Schröder et al., 
1984), A. rhizogenese (Costacura and Vanderleyden, 1995; Gaudin et al., 1994), have T-
DNA transferred into the host plant and, due to the eukaryotic promoters, the transferred 
T-DNA converts tryptophan to IAA via indole-3-acetamide. P. syringae is capable of 
IAA conjugation in which the resulting methyl ester derivative of IAA is correlated to 
gall formation (Evidente et al., 1993; Gaffney et al., 1990).  Erwinia species, which do 
not incite gall formation, possess characteristics of both Agrobacterium sp. and 
Pseudomonas sp. and can convert indole-3-pyruvate to IAA; however, they lack ability to 
produce indole-3-acetamide (Manulis et al., 1991; Slovin et al., 1999). Rhizobium and 
Bradyrhizobium species, which are symbiotic nitrogen-fixing bacteria, are capable of 
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IAA production through the conversion of tryptophan to IAA via indole-3-acetamide 
hydrolase/monooxygenase in Bradyrhizobium sp. (Sekine et al., 1988; Sekine et al., 
1989).  
 
Indole-3-acetic acid (IAA) – producing rhizobacteria and plant growth 
Auxin compounds stimulate stem growth and strongly inhibit root elongation over 
a wide range of concentrations. Interactions between microorganisms and plant root 
surfaces often influence plant growth in soils. Root-colonizing bacteria or rhizobacteria 
have been studied for their promotive or inhibitory effects on plant growth in natural and 
agricultural ecosystems. Growth-inhibitory bacteria, or deleterious rhizobacteria (DRB), 
are commonly regarded as non-parasitic, causing deleterious effects through production 
of harmful metabolites, which are absorbed by the root (Schippers et al., 1987). 
Metabolites that have been implicated in deleterious activity include hydrogen cyanide 
(Alström and Bruns, 1989; Bakker and Schippers, 1987), phytohormones including IAA 
(Loper and Schroth, 1986; Schippers et al., 1987), and unidentified phytotoxins (Bolton 
et al., 1989; Fredrickson and Elliott, 1985a, b). The inhibitory effect of some DRB has 
been related to production of high amounts of IAA, exemplified by a transgenic 
rhizosphere pseudomonad (Dubeikovsky et al., 1993), Enterobacter taylorae (Sarwar and 
Kremer, 1995), and Pseudomonas putida (Xie et al., 1996). Liu et al. (1982) reported that 
a gene (iaaP) on the Ti plasmid was necessary for high levels of IAA production by an 
Agrobacterium sp., which manifests crown gall tumor cells. Gaudin et al. (1994) have 
shown that increased auxin concentrations due to Agrobacterium spp. are correlated with 
a stimulation of plant growth ultimately leading to gall formation. 
 - 26 - 
Glyphosate, glyphosate-resistant crops, and IAA-producing DRB 
Glyphosate inhibits the enzyme EPSP synthase, which is necessary for synthesis 
of aromatic amino acids. A secondary mode of glyphosate action involves infection of 
roots of glyphosate-susceptible plants by soil-borne microorganisms due to decreased 
production of plant protection compounds known as phytoalexins (Sharon et al., 1992). 
Auxin compounds and all other aromatic compounds produced in plants and 
microorganisms originate from the shikimic acid pathway. Genetically-modified (GM) 
plants for glyphosate resistance allowed expression of the shikimic acid pathway, which 
is a critical activity in plants and contributed to the widespread adoption of GR crops in 
the world since the introduction of GM crops. However, there has been little concern for 
impacts of glyphosate on soil ecology and soil associated with production of GR crops. 
Lee (1980) found that glyphosate-induced growth inhibition was reversible by 
high levels of IAA added into glyphosate-susceptible soybeans. Glyphosate applied to 
glyphosate-susceptible soybeans greatly increases degradation of IAA, causing a 
remarkable decrease in free IAA within the plant (Lee, 1984; Lee and Dumas, 1985). The 
degree of growth inhibition in glyphosate-treated plants correlated with an increase in 
IAA metabolism (Lee, 1984; Lee and Dumas, 1985). Recently, changes in IAA 
concentration in higher plants have been studied after glyphosate application. Matskhke 
and Macháčková (2002) reported that the content of IAA in the lower parts of roots in 
Picea pungens was significantly lower than in other areas of the roots after glyphosate 
treatment.  
In GR crops, glyphosate that is not bound to EPSP synthase is translocated 
throughout the plant and accumulates primarily in meristematic tissues. Glyphosate 
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applied to GR soybean may increase root exudates such as carbohydrate and amino acids 
and may increase the response of rhizosphere fungi and bacteria to root exudates (Kremer 
et al., 2005). These studies demonstrated that specific colonization of root surfaces by 
DRB may contribute to seedling growth suppression by enabling efficient uptake of 
phytotoxins by the plant root.  
It is comparatively well studied that DRB may suppress seedling growth of 
certain weed species, which may also be resistant to glyphosate. However, the 
interrelationship of glyphosate with IAA-producing rhizobacteria on GR crops has 
received little attention. Previous research reported that glyphosate concentrations of less 
than 1mM inhibited growth of the symbiotic nitrogen-fixing bacterium Bradyrhizobium 
japonicum due to a combination of sensitivity of B. japonicum to glyphosate and the 
potential accumulation of cellular glyphosate that could interfere with nodulation and the 
nitrogen fixation process (Moorman et al, 1992). Kim and Kremer (2005) also reported 
that a strain of B. japonicum that produces high concentrations of IAA also inhibited 
morningglory (Ipomoea spp.) seedling growth. 
 
Electron microscopy of root colonization by deleterious rhizobacteria 
A wide variety of DRB readily colonize roots and inhibit seedling growth of 
velvetleaf (Abutilon theophrasti), morningglory (Ipomoea spp.), common cocklebur 
(Xanthium canadense), pigweed (Amaranthus spp.), common lambsquarters 
(Chenopodium album), smartweed (Polygonum spp.), and jimsonweed (Datura 
stramonium) (Kremer 1986; Kremer et al. 1990). De Mot et al. (1991) revealed that rod-
like structures appearing during root colonization of wheat, barley, maize, and sunflower 
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seedlings were apparently connecting cells of Pseudomonas fluorescens with the root, 
possibly aiding inhibitory activity by DRB. Li et al. (2002) reported that the selected 
DRB, P. fluorescens, P. putida, and Stenotrophomonas maltophilia, densely colonized 
roots of green foxtail (Setaria viridis) when observed by scanning electron microscopy 
(SEM). Subsequent bioassays revealed that the DRB strains reduced green foxtail 
seedling growth by 50%.  Souissi et al. (1997) reported that colonization and attachment 
of the rhizobacteria, P. fluorescens isolate LS102 and Flavobacterium balustinum isolate 
LS105, to the root surfaces of leafy spurge (Euphorbia esula L.) were associated with 
microfibrils likely anchoring and entrapping bacterial cells. Transmission electron 
microscopy (TEM) showed cell walls of the host plant apparently dissolved or eroded at 
some points of contact between rhizobacteria and the leafy spurge root cells. These 
studies illustrated that electron microscopy is a powerful technique for demonstrating the 
intimate association of DRB with plant roots and helping to understand the effects of 
DRB on growth of the whole plant. 
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CHAPTER 3 
RELATIONSHIP OF GLYPHOSATE AND FOLIAR AMENDMENTS TO IAA-
PRODUCING BACTERIA IN THE RHIZOSPHERE OF GLYPHOSATE-
RESISTANT SOYBEAN 
 
Abstract 
Repeated application of glyphosate (Gly) in glyphosate-resistant (GR) cropping 
systems may affect rhizosphere microorganisms including IAA-producing rhizobacteria 
(IPR) and their effect on the growth of soybean. This research was conducted to 
characterize IPR populations in the rhizosphere of GR soybean receiving glyphosate and 
foliar amendment treatments with urea solution (US) and a commercial biostimulant 
(Bio). Total bacteria (TB) were isolated from rhizospheres of GR soybean, enumerated, 
and screened for IAA production using an in situ nitrocellulose membrane assay. 
Colonies which developed a pink-color were scored positive and rated for intensity of 
IAA production. IPR detected in this assay were randomly chosen for subculturing and 
assayed for quantitative production of IAA using a spectrophotometric method. Selected 
cultures were also identified using gas chromatography-fatty acid methyl ester analysis. 
Results revealed that effects of herbicide, sampling date, and the interaction on total 
bacterial numbers were significant (P < 0.001, 0.001, 0.013, respectively) for the 2003 
field study. In 2002 and 2003 field studies, highest TB populations were associated with 
Bio application, suggesting that additional substrate from this product enhanced bacterial 
numbers and possibly Gly metabolism. Glyphosate applied to GR soybean in the 
greenhouse either maintained or slightly increased TB numbers in Tucker Prairie (TP) 
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soil. The effects of herbicide, sampling date, and the herbicide*foliar amendment 
interaction on IPR were significant for the greenhouse study. Glyphosate application 
slightly hindered IPR numbers relative to TB numbers regardless of foliar amendment. In 
the 2005 greenhouse study, a diverse array of rhizobacterial species was isolated that 
varied morphologically in development of colony pigment and was composed mainly of 
fluorescent pseudomonads, Bacillus spp., and Agrobacterium spp. These bacterial groups 
represent typical rhizobacteria with high root-colonizing abilities. Of the fluorescent 
pseudomonad species selected, IAA production by Pseudomonas syringae pathovars 
ranged from 2.07 to 9.96 μM. IAA-producing bacterial species isolated from BREC soil 
were more diverse taxonomically than those from TP soil. Results suggest that the 
composition of rhizobacteria including IAA-producers was modified by GR soybean to a 
limited extent. However, soil properties, herbicide use, and foliar amendment treatments 
also interacted to influence the bacterial communities and activities in the GR soybean 
rhizosphere.  
Keywords: rhizosphere; glyphosate-resistant soybean; non-transgenic soybean; 
glyphosate; foliar amendments; biostimulant; urea solution; IAA-producing bacteria; 
deleterious rhizobacteria (DRB); Pseudomonas spp.; Bacillus spp.; Agrobacterium spp.; 
Phyllobacterium spp.; IAA metabolites. 
 
Introduction 
Microorganisms continually interact with plants, especially in the rhizosphere, 
where microenvironments are provided in which microorganisms readily metabolize 
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organic compounds released from plant roots (Kremer, 2006). Microbial composition 
may change in response to variations in quantities and composition of organic 
compounds released in root exudates and the buildup of metabolites by microbial activity 
that can detrimentally affect growth of certain microorganisms in the rhizosphere 
community. These changes in organic compounds occur due to agricultural management 
practices. Glyphosate application in glyphosate-resistant (GR) soybean may not only 
directly influence plant response to glyphosate but also indirectly affect microorganisms 
through alteration of root exudation and release of glyphosate into the rhizosphere. It is 
well demonstrated that plant-growth regulators (PGRs) are among the numerous organic 
compounds released into the rhizosphere (Frankenberger and Arshad, 1995).  The PGRs 
such as auxins, gibberellins, and cytokinins, originate partly from plants and some may 
be produced by a variety of microorganisms. Therefore, herbicide application may 
positively or negatively affect microorganisms that synthesize PGRs in the rhizosphere 
due to direct effects of the pesticide on microbial activity or indirectly by promoting 
those microorganisms able to metabolize the herbicide (Brimecombe et al., 2001).  
Although it is widely assumed that glyphosate in contact with soil is inactivated 
by rapid adsorption or inactivation through degradation by various microorganisms, 
several studies show that glyphosate is available as a substrate to some microorganisms 
(Araújo et al., 2003; Klimek et al., 2001; Kulinsky-Sobral et al., 2005; Santos and Flores, 
1995). A wide variety of cultivable bacteria can be isolated from within roots (endorhizal 
bacteria or endophytes) of soybeans, possibly involved with plant growth promotion and 
biocontrol. However, Kulinsky-Sobral et al. (2005) demonstrated the recovery of two 
endorhizal bacterial species, Pseudomonas oryzihabitans and Burkholderia gladioli, from 
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soybean plants using glyphosate enrichment culture. Apparently, glyphosate application 
at pre-planting suppressed a majority of soybean endophytes. Activity of strains of the 
free-living, nitrogen-fixing bacteria, Azotobacter chroococcum and A. vinelandi was not 
affected by glyphosate when applied at recommended rates; however, applied with rates 
> 4 kg ha-1 decreased bacterial cell size and respiration rate, probably due to amino acid 
depletion and protein synthesis reduction (Santos and Flores, 1995). A soil-borne fungal 
speices, Penicillium chrysogenum, which utilized glyphosate as a nitrogen source showed 
no nitrate reductase activity and was unable to convert nitrate to ammonium during the 
lag phase of growth (Klimek et al., 2001). Therefore, glyphosate may serve as a nutrient 
and energy source to some microbial groups, whereas it may be toxic to other groups by 
inhibiting microbial metabolic pathways.  
Glyphosate that accumulates and/or is released within and/or from root tissues 
may affect activity and composition of rhizosphere microorganisms. Means (2004) 
demonstrated that glyphosate applied to glyphosate-resistant (GR) soybean increased 
populations of Fusarium spp. and other fungi in the rhizosphere. Kremer et al. (2005) 
suggested that significantly increased carbohydrate and amino acid contents in root 
exudates from GR soybean combined with released glyphosate could stimulate 
populations of selected Fusarium spp. Very little is known of the effects of glyphosate on 
rhizosphere bacteria, or rhizobacteria, which can have promotive or inhibitory effects on 
plant growth. Because the majority of rhizobacteria associated with various plant 
rhizospheres are able to synthesize PGRs including auxins (Khalid et al., 2004; Sarwar 
and Kremer 1995a), glyphosate may affect soybean growth through effects on PGR-
producing rhizobacteria. 
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Indole-3-acetic acid (IAA) is the major auxin compound in plants, which is also 
identical to that produced by soil and rhizosphere microorganisms. IAA biosynthesis in 
bacteria (Agrobacterium, Pseudomonas, Bradyrhizobium, etc.) can occur via more than 
one pathway, which is classified as their intermediates; indole-3-acetamide, indole-3-
pyruvate, tryptophan side chain, tryptamine, and indole-3-acetonitrile pathways (Gaudin 
et al., 1994; Patten and Glick, 1996). Therefore, IAA-producing microorganisms could 
potentially influence plant physiological processes mediated by IAA such as cell 
enlargement and division, tissue differentiation, and responses to light and gravity 
(Frankenberger and Arshad, 1995).  
The influence of IAA on host plants varies depending on the amount of IAA 
produced and the sensitivity of the plant tissue to IAA concentration (Leveau and Lindow, 
2005). The inhibitory effect of some rhizobacteria on plant growth was related to 
production of high amounts of IAA, exemplified by a transgenic rhizosphere 
pseudomonad (Dubeikovsky et al., 1993), Enterobacter taylorae (Sarwar and Kremer, 
1995a), and Pseudomonas putida (Kim and Kremer, 2005; Xie et al., 1996).  Furthermore, 
the concentration of auxins is a potential indicator of microbiological activity in soils, 
which when expressed as an “auxin-production index”, differentiated the level of 
microbial biodiversity in olive-orchard soils based on different weed control systems 
(Benitez et al., 2006; Wöhler, 1997). 
Interestingly, glyphosate greatly increases IAA metabolism, causing a remarkable 
decrease in free IAA within glyphosate-susceptible plants that was correlated to plant 
growth rate (Lee, 1984; Lee and Dumas, 1985). Decreased growth rate was partially 
reversed by the addition of high concentrations of IAA (Lee, 1980). Recent studies that 
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quantified changes in IAA concentration after glyphosate application revealed that IAA 
content in the lower root portions of Picea pungens was significantly lower than in other 
areas of the roots (Matskhke and Macháčková, 2002). 
Very little is known of the impact of repeated glyphosate use on rhizosphere 
microorganisms associated with GR soybean. If repeated application of glyphosate 
affects IAA-producing rhizobacteria (IPR), the growth and production of GR soybean 
might be affected. The objectives of this research were to characterize IPR populations 
and microbial activities in the rhizosphere of GR soybean. Glyphosate and foliar 
amendments (urea solution and biostimulant) were examined to determine if effects of 
glyphosate on rhizobacteria and their activity might be offset by supplementary 
treatments. Following the field studies, a greenhouse experiment using the same 
treatments was conducted on GR and non-GR soybeans in two different Mexico silt loam 
soils (cultivated vs. native prairie) in order to verify the response of rhizobacteria to GR 
soybean and glyphosate treatment. 
 
Materials and methods 
Field and greenhouse experiments 
 Soybean roots and associated soil were collected from the outer rows of each plot for the 
field study by carefully removing 3-4 plants with a shovel at 0, 10, 20, and 30 d after 
herbicide application. Samples of a single plant and the attached soil for the greenhouse 
study were collected from each pot in the same way as field study. Each plant sample 
with soil attached to roots was placed in a plastic bag.  All bags with plant samples were 
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transported in a cooler, to maintain viability of the plants, and then kept in a cold room at 
4 Cº before processing within 24 to 48 h of collection.  
 
Bacteria and culture conditions for total and IAA-producing rhizobacteria 
 Each root with rhizosphere soil was added to sterile phosphate buffered saline (PBS; 
10mM K2HPO4 – KH2PO4, 0.14M NaCl; pH 7.2), shaken on a rotary shaker for 20 min at 
200 rpm, removed and blotted on paper towel, and exact fresh root weight determined.  
Tenfold dilutions of soil suspensions were made in PBS and plated on half-strength 
King’s B medium (KBM) for the 2003 field study and tryptic soy agar (TSA) for the  
2005 greenhouse study. The numbers of total bacteria (TB) were enumerated after 5 days 
of incubation. Rhizobacteria were screened for IAA production using an in situ 
nitrocellulose membrane assay (Bric et al., 1991). A nitrocellulose membrane (90-mm 
diameter) was placed directly on bacterial colonies immediately after enumeration of TB 
and incubated an additional 24 h to 48 h. The numbers of colonies grown after 
enumeration were added to the TB population. After the membrane was removed from 
the plate, it was placed on filter paper (Whatman 42) saturated with Salkowski reagent 
(2 % 0.5M FeCl3 in 35 % HClO4) for no more than 4 h (Gordon and Weber, 1951). 
Colonies which developed a pink color were scored positive for IAA production. 
Intensity of color development was rated representing no IAA production, faint, readily 
detectable, and deep and dark color as 0, 1, 2, and 3. 
 
Bacterial culture conditions for IAA assays and bacterial identification 
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Bacterial isolates representing all treatment combinations and showing a range of 
IAA production based on membrane filter plate assays were selected and sub-cultured on 
half-strength TSA in the 2005 greenhouse study. IAA production of the bacterial isolates 
was verified using a method based on the quantitative colorimetric determination of 
Gordon and Weber (1951). For the colorimetric IAA assay of each isolate, a 24 to 72-h 
half-strength tryptic soy broth culture was diluted in sterile water to obtain an O.D. of 0.5 
at 500 nm. The diluted broth suspension (1 ml) was added to 14 ml of growth medium in 
a 30-ml tube. The growth medium contained (in g·L-1): glucose, 5.0; yeast extract, 0.025. 
L-tryptophan at 0.204 g·L-1 was added in the growth medium as a substrate for IAA 
production. Controls were prepared by substituting sterile water for bacterial suspension. 
Tubes were capped, vortexed, and statically incubated in the dark at 27 °C for no more 
than 72 h. For the analysis of IAA production, turbidity of each culture was adjusted to 
108 cells ml-1 at 500 nm absorbance with sterile water based on previously determined 
growth curve before filtration through 0.2-µm filter membranes. Each culture filtrate was 
dispensed in three replicate wells of 96-well microplates (Corning) for the assays using 
the microplate method, a modification of the standard method (Gordon and Weber, 1951) 
developed by Sarwar and Kremer (1995b). IAA in the microplate assays was determined 
spectrophotometrically at 530 nm using a microplate reader (Dynatech MR 5000). 
Bacterial isolates representing a range of IAA production were selected for identification 
using gas chromatography-fatty acid methyl ester analysis (GC-FAME; Sasser, 1990). 
 
Statistical analysis 
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For both the field and greenhouse experiments, analysis of the effects of 
glyphosate and two foliar amendments on IAA-producing bacteria in the rhizosphere of 
glyphosate-resistant soybean was determined using PROC GLM (SAS Institute, 2001). 
The multiple comparison test used was Fisher's protected LSD at P ≤ 0.05. Data were 
normally distributed and had equal variance using the test for homogeneity of variance.  
 
Results and discussion 
Determination of total bacteria populations 
 The effects of herbicide and foliar amendment treatments and sampling time on total 
bacterial (TB) population of the soybean rhizosphere were non-significant in the 2002 
field study (data shown in Appendix 3). TB populations in the 2002 field study decreased 
slightly to about Log 7 cfu·g-1 fresh root during the 30-day sampling period (Appendix 3). 
For the 2003 field study, the effects of herbicide, sampling date, and herbicide*date on 
TB numbers were significant (P < 0.001, 0.001, 0.013, respectively); the foliar 
amendment effect was not significant (Fig. 3.1; Table 3.1). For all treatments in 2003, TB 
decreased at 10-d followed by an increase at 20-d, after which numbers remained 
somewhat higher at 20 d, with the greatest increase (7 times higher than Gly alone) 
shown when the biostimulant was applied after Gly treatment (Fig. 3.1B). Clear 
differences in TB numbers at all sampling dates were observed between the 2002 and 
2003 field studies. The differences in TB populations across the sampling dates between 
2002 and 2003 may be related to differences in amounts and distribution of precipitation 
during the 2002 and 2003 growing seasons (Chap. 1, Fig. 1.1). Furthermore, microbial 
activity can be modified by many chemical and biological factors affected by application 
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of herbicide and foliar amendments (Chen et al., 2002; Chen et al., 2003; Kulinsky-
Sobral et al., 2005; Kremer et al., 2005). Rhizobacteria of GR soybean may be affected 
directly by herbicide and foliar amendments released through roots and/or indirectly by 
altered root exudation due to genetic modification of the plant (Martens and Bremner, 
1993; Sessitsch et al., 2004). In 2002 and 2003 field studies, glyphosate caused slight 
decreases in TB numbers compared with the control within 5 to 10-d after Gly 
application (Fig. 3.1; Appendix 3). Araújo et al. (2003) demonstrated that soil exposed to 
glyphosate for 6 years not only had significantly higher numbers of bacteria but also 
retained very low amounts of glyphosate after a 32-day incubation. Highest TB 
populations were associated with Bio, which suggested that additional substrate from Bio 
enhanced bacterial numbers and possibly Gly metabolism. 
 Only the effects of soil and the soil*sampling date interaction on TB were significant (P 
< 0.001) in the greenhouse study (Figs. 3.2 and 3.3; Table 3.2). For all treatments, TB in 
TP soil increased at 10 days with Gly application to GR soybean while lowest TB were 
found with GR soybean without herbicide treatment (Fig. 3.2). Only very slight 
differences in TB population were noted at other dates regardless of herbicide. 
 Herbicide availability to soil microorganisms depends on various factors including 
organic matter, available nutrients, pH, temperature, and moisture, which varies 
depending on the pesticide involved (Weber et al., 1993). Interestingly, the phosphorus 
content from BREC and the organic matter content from TP for the greenhouse study 
were respectively 11.43 and 2.15 times as high as each other (Chap. 1, Table 1.1). 
Glyphosate biodegradation may be inhibited by high phosphorus content (Dekker and 
Duke, 1995; Krzyśko-Łupicka and Orlik, 1997) as in the BREC greenhouse soil. In 
 - 47 - 
contrast, glyphosate either maintained or slightly increased TB on GR soybean. The 
results indicate that biological and chemical properties of soils may influence the effects 
of glyphosate on the bacterial community. It is possible that high organic matter content 
combined with low pH (4.8) influenced bacterial population interactions with glyphosate 
in the Tucker Prairie soil (Araújo et al., 2003). 
  
Determination of IAA-producing rhizobacteria populations 
 Production of IAA is widespread among rhizobacteria. Although it is not clear whether 
IAA synthesized by rhizobacteria is beneficial or pathogenic in bacteria-plant interactions, 
the presence of IAA, the naturally occurring auxin, is crucially important because it has 
broad physiological effects on the plant. The numbers of IAA-producing rhizobacteria 
(IPR) on roots of GR soybean were assessed in the 2003 field study; IPR on roots of GR 
soybean and non-transgenic (W82) soybean were assessed in the 2005 greenhouse study. 
The effects of herbicide, sampling date, and the herbicide*foliar amendment interaction 
on IPR of the soybean rhizosphere were significant in the 2003 field study (Table 3.1). 
IPR populations were enhanced due to glyphosate treatment at 20 d (Fig. 3.4A) and were 
further increased at 10 days after the Bio treatment (Fig. 3.4B), and were sustained 
through 30 d. IPR populations were not affected by US treatment (Fig. 3.4C). The ratios 
of numbers of IPR to TB ranged from 0.79 to 0.99 across the sampling dates irrespective 
of treatments (data not shown; compare Fig. 3.1 with Fig. 3.4).  These proportions are 
considerably higher than a previous study reporting the percentage of IAA-producing 
rhizobacteria ranged from 16 to 34 % depending on soybean cultivar (Kuklinsky-Sobral 
et al., 2004). However, up to 80 % rhizobacteria can synthesize IAA depending on plant 
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species and soil conditions (Leinhos and Vacek, 1994; Loper and Schroth, 1986). The 
numbers of IPR were likely high in the present study because a novel application of the in 
situ membrane assay (Bric et al., 1991) was demonstrated for the first time and the 
subjective determination of color reactions as positive for IAA production may have 
overestimated IPR. In general, the numbers of IPR, as shown for TB, were affected by 
glyphosate and its interaction with foliar amendment applications in the 2002 and 2003 
field studies. IPR numbers were slightly hindered by glyphosate application regardless of 
foliar amendment in the 2003 field study (Fig. 3.7), which support previous reports of the 
interference of glyphosate with the soil microbial population balance (Kuklinsky-Sobral 
et al., 2005; Kremer et al., 2005) and potential stimulation of soil microbial community 
by biostimulants (Chen et al., 2002; Chen et al., 2003). 
 The effects of soil, sampling date and the soil*date interaction on IPR were significant in 
the greenhouse study (Table 3.2). At 30 d, IPR numbers in TP soil were significantly 
increased on GR soybean with no Gly or with Bio only; however, IPR numbers decreased 
on GR soybean receiving only US at 30 d (Fig. 3.5). IPR numbers in TP soil at all other 
sampling dates were not affected by treatment. In contrast, in BREC soil, IPR numbers 
varied somewhat according to treatment across sampling date; however, no significant 
effects were observed except for IPR numbers on GR soybean – No Gly – US, which was 
significantly higher than those on GR soybean – Gly – US (Fig. 3.6). This may indicate 
that some IAA-producing rhizobacteria communities may be inhibited due to glyphosate 
toxicity (Kulinsky-Sobral et al., 2005). In conclusion, the results show that IPR numbers 
as well as TB numbers may be affected by different soil properties (Weber et al., 1993). 
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Identification of selected IAA-producing rhizobacteria from membrane filter plate 
assays  
 In order to verify that IAA was produced by rhizobacteria isolated from the preliminary 
membrane filter plate assay (Bric et al. 1991) of soil dilution plates, the pure cultures 
were assayed using a standard medium containing tryptophan as a substrate for IAA 
production, which was quantified using a spectrophotometric method (Sarwar and 
Kremer, 1995b). Subsequent identification of the isolates by GC-FAME revealed the 
bacteria as significant components of the soybean rhizosphere community as previously 
reported in similar studies (Cattelan et al., 1998; Kuklinsky-Sobral et al., 2004; 2005). 
Over 90% of the isolates were Gram-negative bacteria, most of which had a rod-shaped 
morphology. Dominant genera were Pseudomonas, Agrobacterium, Stenotrophomonas, 
and Bacillus (Table 3.3). High numbers of Pseudomonas spp. colonizing the soybean 
rhizosphere is consistent with previous studies (Cattelan et al., 1998; Kuklinsky-Sobral et 
al., 2004). As demonstrated in those studies, soybean cultivar had little effect on 
rhizobacteria composition.  
 Many of the isolates produced detectable amounts of IAA, however, the rated intensity of 
IAA produced on the membrane seemed to overestimate the quantified amount (Table 
3.4). Rhizobacteria producing IAA were composed mainly of fluorescent pseudomonads, 
Bacillus sp., and Agrobacterium sp. These bacterial groups represent rhizobacteria with 
high colonizing abilities and fluorescent pseudomonads characterized for their deleterious 
effects of several weeds (Kremer et al., 1990; Kremer and Kennedy, 1996; Kim and 
Kremer, 2005; Li and Kremer, 2000). Of the fluorescent pseudomonad species selected, 
IAA production by Pseudomonas syringae pathovars ranged from 0 (P. syringae 96-1-
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1D) to 3.25 (P. syringae 98-1-1D) µg ml-1. P. syringae 96-1-1D and P. syringae 98-1-1D 
were respectively isolated from the rhizosphere of W82 soybean with No Gly – Bio and 
No Gly – US in BREC soil. IAA-producing bacterial species isolated from BREC soil 
were more diverse than those from TP soil.  These results imply that the composition of 
rhizobacteria including IAA-producers was likely changed by plant-associated treatments 
including herbicide and foliar amendments, and soil type (Khalid et al., 2004). 
Phyllobacterium rubiacearum, a species known as an endophytic bacterium, produced 
extremely high amounts of IAA with a range of 110.38 to 124.07 µg· ml-1. The species 
were isolated from the rhizosphere of both GR and W82 soybean, regardless of 
treatments. Phyllobacterium is most commonly associated with leaf nodules of tropical 
plants (Knösel, 1984); however, many strains have subsequently been isolated from plant 
roots suggesting this genus is a rhizosphere inhabitant (Bertrand et al., 2001; Larcher et 
al., 2003; Rojas et al., 2001). A Phyllobacterium sp. isolated from the rhizosphere of 
oilseed rape (Brassica napus) promoted root growth of oilseed rape, which was thought 
to be partly mediated through production of auxin-like growth regulators (Larcher et al., 
2003). To our knowledge, Phyllobacterium spp. has not been reported previously as 
components of the soybean rhizosphere. This first report of high IAA-producing 
Phyllobacterium has implications for future soybean rhizosphere-rhizobacteria 
interactions. 
 The rhizospheres of each soybean variety harbored high populations of IPR with a 
potential to increase the IAA content of the plant through absorption into the root. The 
resulting IAA or auxin imbalance could benefit rhizobacteria by increasing root 
exudation of nutrients or providing routes for infection at the root surface (Gaudin et al., 
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1994). Plant measurements (i.e., root lengths, weights) were not collected to determine 
possible effects of IPR on soybean growth. Conditions that likely affect the impact of IPR 
on plant growth include types and quantities of root exudates, including glyphosate (in 
GR soybean), soil environment (moisture, temperature, texture, pH), and the IAA 
metabolic pathway used [indole-3-acetamide pathway can negate the plant regulation of 
IAA production (Manulis et al., 1991)]. These factors should be addressed in subsequent 
studies of soybean-rhizobacteria interactions. 
 
Conclusions 
 This study suggests that GR soybean can modify the composition of the rhizobacteria as 
well as IAA-producing abilities to a limited extent, which is influenced by soil 
management. TB and IPR numbers in the rhizosphere of GR soybean in the 2003 field 
study had a significant linear relationship for both Gly and No Gly (r2 = 0.99*, 0.99*, 
respectively; Fig. 3.7). However, glyphosate application slightly hindered IPR numbers 
regardless of foliar amendment. Furthermore, high phosphorus and low organic matter 
contents of the Mexico silt loam, collected from the BREC site for the greenhouse study, 
seemed to suppress populations of TB and IPR in the rhizosphere of GR soybean during 
the growing season. Thus, biological and chemical properties of soils may affect 
glyphosate biodegradation and potential negative effects on rhizobacteria.  
 Rhizobacteria producing IAA selected from the GR soybean and W82 soybean were 
composed mainly of fluorescent and non-fluorescent pseudomonads and Bacillus species. 
Selected fluorescent pseudomonads produced a range of IAA concentrations from 0 (P. 
syringae 96-1-1D) to 3.25 (P. syringae 98-1-1D) µg ml-1. IAA-producing bacterial 
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species isolated from BREC soil were more diverse taxonomically than those from TP 
soil. Repeated glyphosate use on rhizosphere microorganisms associated with GR 
soybean may affect not only potential ability of rhizobacteria to produce IAA but also the 
growth and production of GR soybean via soil biological processes. 
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Fig. 3. 1. Average total bacteria population on roots of glyphosate-resistant (GR) 
soybean at selected days after glyphosate (Gly) application (DAA) and (A) no foliar 
amendments applied, (B) with biostimulant (Bio) applied, or (C) with urea solution 
(US) applied during the cropping season in 2003 at the BREC, University of 
Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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Table 3. 1. Analysis of variance (ANOVA) of total bacteria population and IAA-
producing bacteria on roots of glyphosate-resistant (GR) soybean for main and 
interactive effects of glyphosate (Gly), foliar amendment treatments (FA), and sampling 
date (date) of 20 to 30d after glyphosate application in 2003 at the BREC, University of 
Missouri.  
 
 Source of variation P>F 
  Total rhizobacteria population IAA-producing bacteria 
Glyphosate (Gly) 0.001 0.008 
Foliar amendment (FA) 0.486 0.886 
Gly*FA 0.133 0.016 
Date 0.001 <0.001 
Gly*Date 0.013 0.092 
FA*Date 0.826 0.298 
Gly*FA*Date 0.952 0.533 
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Fig. 3. 2. Average total bacteria population on roots of glyphosate-resistant (GR) 
soybean and non-transgenic (W82) soybean at selected days after glyphosate (Gly) 
application (DAA) and (A) no foliar amendments applied, (B) with biostimulant 
(Bio) applied, or (C) with urea solution (US) applied in 2005 at the greenhouse using 
soils collected from TP. Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 3. 3. Average total bacteria population on roots of glyphosate-resistant (GR) 
soybean and non-transgenic (W82) soybean at selected days after glyphosate (Gly) 
application (DAA) and (A) no foliar amendments applied, (B) with biostimulant 
(Bio) applied, or (C) with urea solution (US) applied in 2005 at the greenhouse using 
soils collected from the BREC, University of Missouri. Vertical bars indicate LSD 
(0.05). NS is not significant. 
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Table 3. 2. Analysis of variance (ANOVA) of total bacteria population and IAA-
producing bacteria  in the rhizosphere of soybean for main and interactive effects of 
glyphosate (Gly), foliar amendment treatments (FA), soils (Tucker Prairie and 
Bradford), and sampling date (date) of 20 to 30 d after glyphosate application in the 
2005 greenhouse.  
 
  Source of variation P>F 
 Total rhizobacteria population IAA-producing bacteria 
Gly (Glyphosate) 0.351 0.708 
FA (Foliar amendment) 0.563 0.635 
Gly* FA 0.148 0.435 
Soil <0.001 0.015 
Gly*Soil 0.402 0.331 
FA *Soil 0.489 0.924 
Gly* FA *Soil 0.191 0.426 
Date 0.668 0.043 
Gly*Date 0.795 0.359 
FA * Date 0.377 0.921 
Gly* FA * Date 0.228 0.690 
Soil* Date <0.001 <0.001 
Gly*Soil* Date 0.545 0.184 
FA *Soil* Date 0.830 0.217 
Gly* FA *Soil* Date 0.142 0.833 
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Fig. 3. 4. Average IAA-producing bacteria population on roots of glyphosate-
resistant (GR) soybean at selected days after glyphosate (Gly) application (DAA) 
and (A) no foliar amendments applied, (B) with biostimulant (Bio) applied, or (C) 
with urea solution (US) applied during the cropping season in 2003 at the BREC, 
University of Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 3. 5. Average IAA-producing bacteria population on roots of glyphosate-
resistant (GR) soybean and non-transgenic (W82) soybean at selected days after 
glyphosate (Gly) application (DAA) and (A) no foliar amendments applied, (B) with 
biostimulant (Bio) applied, or (C) with urea solution (US) applied in 2005 at the 
greenhouse using soils collected from TP. Vertical bars indicate LSD (0.05). NS is not 
significant. 
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Fig. 3. 6. Average IAA-producing bacteria population on roots of glyphosate-
resistant (GR) soybean and non-transgenic (W82) soybean at selected days after 
glyphosate (Gly) application (DAA) and (A) no foliar amendments applied, (B) with 
biostimulant (Bio) applied, or (C) with urea solution (US) applied in 2005 at the 
greenhouse using soils collected from the BREC, University of Missouri. Vertical 
bars indicate LSD (0.05). NS is not significant. 
 - 61 - 
T(i)=0.53I + 4.42 r
2=0.99*
T(i)=0.84I + 1.84 r
2=0.99*
IPR (Log CFU g-1 fresh root)
6 7 8 9 10 11
T
B
 (L
og
 C
FU
 g
-1
 fr
es
h 
ro
ot
)
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
GR-No Gly
GR-Gly
 
 
Fig. 3. 7. Total bacteria (TB) on roots of glyphosate-resistant (GR) soybean applied 
with glyphosate (Gly) and no glyphosate (No Gly) across IAA-producing 
rhizobacteria (IPR) in 2003 field study. Lines are predicted based on linear 
regression models (Ti=T0+KI), where T0 and Ti are the initial and total cultivable 
rhizobacteria at the initial Log IPR (Log cfu g-1 fresh root; I) and slope (K). * 
represents significance at P < 0.05. 
 
 
Table 3. 3. IAA production of rhizobacterial isolates selected from soybean in the 
greenhouse study using microplate method. 
 
 Source of variation P > F 
 GRa soybean W82b soybean 
Soil <0.001 <0.001 
Glyphosate (Gly) <0.001 - 
Soil*Gly 0.001 - 
Foliar amendment (FA) <0.001 <0.001 
Soil*FA <0.001 <0.001 
Gly*FA - c - 
Soil*Gly*FA - - 
aGR (glyphosate-resistant ); bW82 (non-transgenic soybean); c- represents that F values 
were not shown since lack of samples. 
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CHAPTER 4 
MICROBIAL ACTIVITY IN THE RHIZOSPHERE OF GLYPHOSATE-
RESISTANT SOYBEAN TREATED WITH GLYPHOSATE AND FOLIAR 
AMENDMENTS  
 
Abstract 
The rhizosphere is a crucial soil environment where plant-microbe interaction 
occurs. The increasing use of glyphosate-resistant (GR) soybean may indirectly stimulate 
detrimental microbial populations and activities in the rhizosphere. Foliar amendments, 
such as biostimulant (Bio) and urea solution (US) may be useful in offsetting these 
effects. The objective of this research was to characterize the effects of glyphosate on soil 
microorganisms in field- and greenhouse-grown soybean under various soil conditions.  
Interactions of glyphosate (Gly) with Bio or US foliar amendments on microbial activity 
were also evaluated.  Measurement of rhizosphere microbial activity was based on the 
urease assay, and C and N mineralization determinations. In the field study, Gly 
application on GR soybean may increase phytotoxicity of the herbicide via foliar 
absorption, thereby decreasing total organic C (TOC) and total organic N (TON) into the 
rhizosphere. Furthermore, N mineralization varied depending on soil adsorption of Gly 
and US application to GR soybean. In TP soil, soil properties such as a lower phosphorus 
and pH may result in a decrease of C mineralization and nitrification of NH4+ - N to NO3- 
- N by microbial activities due to a lower pH. The association of Gly with GR soybean 
may promote urease-producing microorganisms under a higher organic matter and a 
lower pH. In BREC soil, Gly application decreased both TON and TIN on GR soybean 
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since lower adsorption of the herbicide may be harmful to microbial activities able to 
mineralize N and a lower organic matter may inhibit microbial mineralization of C on GR 
soybean and non-transgenic (W82) soybean due to increased competition with other 
microorganisms for nutrient sources in the short term. Rhizosphere urease activity may 
be influenced by soybean cultivars and foliar amendment treatments. 
Keywords: rhizosphere; glyphosate-resistant soybean; non-transgenic soybean; 
glyphosate; foliar amendments; biostimulant; urea solution; urease activity; C and N 
mineralization; biodegradation. 
 
Introduction 
Weed management is more important than all other pest management strategies 
combined to decrease economic losses in cropping systems. Herbicides are considered as   
effective weed management tools that contribute to increased yields by reducing plant 
competition.  With the introduction and rapid adoption of glyphosate-resistant crops, 
glyphosate became the most widely used herbicide in the world. Glyphosate (N-
[phosphonomethyl]glycine) is a broad spectrum, non-selective herbicide of grasses and 
broadleaf weeds. A single post-emergence application is usually sufficient to control 
weeds in crops planted in narrow rows (Ateh and Harvey, 1999; Culpepper et al., 2000; 
Wait et al., 1999). More frequent applications may lead to high concentrations of 
glyphosate accumulating at the soil surface during a given season. It has been generally 
assumed that glyphosate is inactivated when in contact with soils as a result of adsorption 
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to soil colloids. On the other hand, glyphosate released from plants into the rhizosphere 
may disturb microbial activities.  
The rhizosphere provides an environment where microorganisms utilize root 
exudates released from the plant as nutrient sources. Although plant-microbe interactions 
in soil are difficult to define simply, it has been demonstrated that microorganisms 
readily absorb nutrients from plant roots and, in turn, produce metabolites which may be 
beneficial or harmful to the plant (Brimecombe et al., 2001). Glyphosate is a systemic 
herbicide within the plant. It generally undergoes little or no metabolism, and is readily 
translocated throughout the plant within a few days after application (Duke, 1988). 
However, glyphosate and the principle degradation product, AMPA, were detected in 
leaves and grains of GR soybean (Arregui et al., 2003) and released into the rhizosphere 
after foliar application of glyphosate to susceptible plants (Marshall et al., 1987). 
Additionally, significant concentrations (less than 0.3 mM) of glyphosate accumulate in 
root tissues of susceptible plants (Honegger et al., 1986). Nitrogen-fixing bacterial strains 
and soil-borne fungi recovered within roots (endophytes) may become harmful because 
these microbial groups may metabolize glyphosate and produce detrimental compounds; 
yet, glyphosate may be toxic to other microorganisms by inhibiting microbial metabolism 
(Araújo et al., 2003; Klimek et al., 2001; Kulinsky-Sobral et al., 2005; Santos and Flores, 
1995). Therefore, accumulated and/or released glyphosate within and/or from root tissues 
could shift composition of rhizosphere microorganisms since the enzyme EPSP synthase 
is present in all bacteria and fungi (Padgette et al., 1995). Means (2004) demonstrated 
that glyphosate increased populations of Fusarium spp. and other fungi in the rhizosphere 
of glyphosate-resistant soybean, potentially disrupting soil ecology and altering nutrient 
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transformations.  Kremer et al. (2005) suggested that significantly increased carbohydrate 
and amino acid contents in root exudates from glyphosate-resistant soybean, combined 
with glyphosate released from roots, could stimulate root colonization by Fusarium spp.  
Biostimulants and other amendments including liquid urea are widely used in 
both horticultural and field crop production to enhance crop growth and yields through 
widely-varying mechanisms, including introducing beneficial microorganisms into soil, 
stimulating soil microbial activity, or by supplementing essential micronutrients. 
Grozyme®, a commercial product containing enzymes,  boric acid, cobalt sulfate, copper 
sulfate, ferric nitrate, manganese nitrate, sodium molybdate, and zinc nitrate is used as 
either foliar or soil amendment to increase crop yields.  Despite the general lack of 
information on the effects of biostimulants on soil-plant systems, there is good evidence 
that these treatments, when applied to soil at low rates can alter soil microbial 
communities and activities, stimulate the decomposition and mineralization of organic 
materials in the soil, increase nutrient availability, and enhance plant growth (Chen et al., 
2002). Research on soil biostimulant products (Z93 and W92; Ag Spectrum Co.) showed 
increases in organic matter decomposition rates, soil microbial activity, and nutrient 
mineralization at extremely small dosages, leading to increases in soil nitrogen 
availability (Chen et al., 2002).  Grozyme® and PT-21® (21% urea) may improve soybean 
growth and production partly by promoting beneficial soil microbial activity (Chen et al., 
2002; Subler et al., 1998).   
The increasing use of glyphosate-resistant soybean may indirectly stimulate 
detrimental microbial populations and activities in the rhizosphere. Thus, foliar 
amendments, such as Grozyme® and PT-21®, might be useful in offsetting these effects. 
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The focus of this research was to characterize the effects of glyphosate applied as 
Roundup Ultra Max® on soil microbial activity in field- and greenhouse-grown soybean 
under various soil conditions.  Interactions of Roundup Ultra Max® with Grozyme® or 
PT-21® foliar amendments on microbial activity were also evaluated.  Measurement of 
rhizosphere microbial activity was based on a urease assay and C and N mineralization 
determinations.   
  
Materials and methods 
Field and greenhouse experiments 
 Samples were taken immediately prior to glyphosate application and 10, 20, and 
30 d after glyphosate application. Soybean roots and associated soil were collected from 
the outer rows of each plot for the field study by carefully removing 3-4 plants with a 
shovel. For samples from the greenhouse, a single plant and the attached soil were 
collected from each pot the same way as for the field study. Each plant sample with soil 
attached to roots was placed in a plastic bag.  All bags with plant samples were 
transported in a cooler, to maintain viability of the plants. Samples per experimental unit 
taken from the field were thoroughly mixed to generate a composite sample. The 
composite samples were sieved through 2mm-mesh and then kept in a cold room at 4 Cº 
before processing. 
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Soil carbon and nitrogen analyses 
Soil samples were analyzed for total N and total organic C by combustion using a 
LECO Truspec C/N analyzer (LECO Corp., St. Joseph, MI, USA; Nelson and Sommers, 
1996). Total inorganic N was calculated by summing NH4+-N (Zellweger Analytics Inc., 
1993) plus NO3--N (Zellweger Analytics Inc., 1997). Soils were extracted for inorganic N 
using 2M KCl, and the extracted solution was analyzed using a Lachat Quikchem 
Automated Ion Analyzer.  
 
Soil respiration assay   
Substrate induced soil respiration (SIR) is an indicator of potential soil microbial 
respiration (Horwath and Paul, 1994).  Five grams of soil adjusted to 25 % (g/g) water 
content was added to Hungate tubes and 1.0 ml of 5 % glucose solution added.  Tubes 
were then incubated at 25 ºC in the dark for 7 days.  Evolved accumulated CO2 
concentrations in the tubes were measured at 7 days.  A volume of 1 ml was removed 
from the headspace of each tube and injected into a Buck Scientific model 910 gas 
chromatograph, with He as a carrier gas at a flow rate of 14 mL·L-1 using a silica gel 
column at 50 ºC and a retention time of 6 minutes.  The accumulated CO2 evolved over 
the 7-day incubation periods was determined from known calibration standards (Zibilske, 
1994).     
 
Urease activity 
The enzyme urease is widely distributed in nature, being present in microbial, 
plant and animal cells. Urease catalyzes the hydrolysis of urea to CO2 and NH3 with a 
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reaction mechanism based on the formation of carbamate as an intermediate (Tabatabai, 
1994). Urease activity was assayed by using the method described to estimate urea 
hydrolysis involved in C and N mineralization by rhizosphere microorganisms (Kandeler 
and Gerber, 1988). Soil (5 g) was added to 100-mL Erlenmeyer flasks with 2.5 ml of urea 
solution and 20 ml borate buffer. Flasks were sealed with stoppers and incubated for 2 h 
at 37 ºC. The flasks received 50 mL of KCl solution and then shaken for 30 min. The soil 
suspension was filtered, added to 9 ml of Na salicylate/NaOH solution and 2 ml of 
sodium dichloroisocyanide solution, allowed to incubate at room temperature for 30 min 
to allow color development and analyzed spectrophotometrically for NH4+ determination 
at 690 nm.  
 
Statistical analysis 
 Three sub-samples were used for every microbial activity utilized in this study and 
the values were averaged to evaluate the treatments. For both the field and greenhouse 
experiments, an analysis of the effects of glyphosate and two foliar amendments on 
microbial activities in the rhizosphere of glyphosate-resistant soybean was determined by 
PROC GLM (SAS Institute, 2001). The multiple comparison test used was Fisher's 
protected LSD at P < 0.05. Data were normally distributed and had equal variance using 
the test for homogeneity of variance.  
 
Results and discussion 
The rhizosphere environment abounds with numerous interactions between 
microorganisms and plants resulting from root exudates which serve as nutrient sources 
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for microorganisms as well as templates for metabolites that may be beneficial or harmful 
to plant growth (Brimecombe et al., 2001). Root exudates consist of organic components, 
including water-soluble and water-insoluble exudates as well as excretions of plant 
metabolites (Brimecombe et al., 2001). Therefore, measurements of total organic carbon 
(TOC), soil respiration, total organic and inorganic nitrogen, and urease activity provided 
estimates of carbon and nitrogen transformations in the soybean rhizosphere. 
 
Effects of glyphosate and foliar amendments on rhizosphere total organic carbon 
In the field study, total organic carbon (TOC) in the rhizosphere remained lower 
at 10 through 30 d after glyphosate was applied to GR soybean; however, TOC in GR 
soybean rhizosphere without Gly increased at 20 d (Fig. 4.1A ; Table 4.1). Glyphosate 
effects vary depending on crop management systems; however, excessive applications of 
glyphosate visually injured GR soybean and decreased leaf area index (LAI; Johnson et 
al., 2002), causing growth reductions due to decreased chlorophyll and nodulation 
(Reddy et al., 2000). Therefore, temporary growth inhibition by glyphosate on GR 
soybean may decrease root exudation of organic components into the rhizosphere. 
Furthermore, glyphosate released into the rhizosphere may increase populations of 
Fusarium spp. and other fungi, potentially enhancing the metabolism of organic 
components and decreasing TOC (Kremer et al., 2005; Means, 2004).  Biostimulant and 
urea treatments appeared to minimize the effects of glyphosate because rhizosphere TOC 
did not differ when glyphosate was combined with the foliar amendments (Figs. 4.1B and 
4.1C).  
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In the greenhouse study, the effects of soil (P < 0.001) and the herbicide*soil 
interaction on TOC were significant at 20 to 30 d (Figs. 4.2 and 4.3; Table 4.2). 
Generally, TOC in rhizospheres was higher than in the field study, suggesting that 
conditions favored C accumulation compared to the field and that the higher initial soil C 
in greenhouse soils also contributed to the difference. TOC of GR soybean rhizospheres 
without Gly decreased slightly in TP soil at 10 days; however, TOC of GR soybean 
rhizospheres without Gly increased in BREC soil significantly at 10 days (Figs. 4.2 and 
4.3). TP soil contains lower pH and phosphorus content and higher SOM (Chap. 1, Table 
1.1). Glyphosate released from roots of GR soybean into the rhizosphere in TP soil may 
be immobilized due to lower pH and phosphorus (De Jonge et al., 2001) as well as higher 
SOM (Badalucco and Kuikman, 2001) compared to BREC soil. Under these conditions, 
TOC may increase with GR soybean plus Gly, resulting from the reduced metabolism of 
organic components by microorganisms, compared to TOC of GR soybean without Gly 
or of W82 soybean, despite increases in total bacteria populations in the rhizosphere of 
GR soybean plus Gly in TP soil at 10 days (Chap. 3, Fig. 3.2). 
In contrast, the slight increase in TOC in BREC soil with GR soybean without 
Gly at 10 days may result from decreased microbial mineralization at a lower soil organic 
matter content, even though total bacteria population in the rhizospheres of GR soybean 
without Gly in BREC soil was higher compared to others (Chap. 1, Table 1.1; Chap. 3, 
Fig. 3.3). Overall, TOC in BREC soil was unaffected by treatment which may be partly 
due to differences in pH, SOM, P content compared to TP.  
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Effects of glyphosate and foliar amendments on cumulative rhizosphere soil 
respiration 
Only the effect of sampling date on cumulative rhizosphere soil respiration 
(shown as cumulative carbon dioxide efflux) was significant (P < 0.001) at 20 d in the 
field study (Table 4.1; Appendix 6). Cumulative carbon dioxide efflux generally 
increased at 10 days followed by a decrease at 20 d and then increased at 30 d; however, 
these trends were not significantly different among treatments (Appendix 6).  
In the greenhouse study, the effects of soil, sampling date, and the interaction of 
herbicide*foliar amendment treatments*date (P < 0.001, 0.001, = 0.001, respectively) on 
cumulative carbon dioxide efflux were significant (Figs. 4.4 and 4.5; Table 4.2). In TP 
soil, cumulative carbon dioxide efflux from rhizospheres of GR soybean with Gly was 
significantly lower than those from GR - No Gly or from W82 - No Gly at 10 days (Fig. 
4.4). However, this was transient and, by 20 d, CO2 efflux returned to similar levels for 
all treatments except for the US treatments on GR-Gly, which decreased (Fig. 4.4). A 
lower content of phosphorus under acidic conditions of soil may increase sorption of 
glyphosate onto soil particles (De Jonge et al., 2001) and may minimize any effects of 
Gly on respiration. Carbon mineralization represented as carbon dioxide efflux may be 
reduced if only a limited number of microorganisms are able to utilize the herbicide 
under low pH conditions, although TP soil contained relatively high TOC (Fig. 4.2). 
Cumulative CO2 efflux was generally unaffected by the treatments applied to soybean in 
BREC soil (Fig. 4.5). Although TOC appeared to be high in rhizosphere, several factors 
had no effect on microbial respiration, suggesting that organic C contents of glyphosate 
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and root exudates released may not be available or of low quantity, to microorganisms 
(Badalucco and Kuikman, 2001). 
 
Effects of glyphosate and foliar amendments on rhizosphere nitrogen mineralization 
The effects of foliar amendment and the interactions of herbicide*sampling date 
and herbicide*foliar amendment*date (P < 0.001, 0.001, = 0.009, respectively) on total 
organic nitrogen (TON) were significant for the field study (Fig. 4.6; Table 4.1). For all 
treatments, TON in the rhizosphere of GR soybean without Gly was significantly higher 
at 10 and most notably at 30 d, than any other treatment (Fig. 4.6). The US treatment 
resulted in a high but temporary increase in TON at 20 d in the GR soybean plus Gly (Fig. 
4.6C). These results showed that TON in GR soybean rhizosphere varied somewhat with 
sampling date and with herbicide and foliar amendment treatment.  Glyphosate 
application on GR soybean slightly decreased TON at 10 days, potentially resulting from 
low amounts of N compounds added to rhizosphere by plant and to dry soil conditions at 
sampling (Chap. 1, Fig. 1.1). 
Total inorganic nitrogen (TIN; sum of NH4+- N and NO3- - N) was estimated for 
rhizosphere nitrogen mineralization in the field study. The effects of herbicide, foliar 
amendment treatments, and sampling date (P = 0.001, < 0.001, = 0.001, respectively) 
were significant (Fig. 4.9; Table 4.1). US treatment to GR soybean significantly increased 
TIN at 20 d regardless of Gly application; however, the effect of US treatment on TIN 
was not significant at 30 d (Fig. 4.9). Nitrate (NO3- - N) in GR soybean rhizosphere 
increased at 20 to 30 d after US treatment regardless of Gly application but ammonium 
(NH4+- N) in GR soybean rhizosphere without Gly after US treatment became 
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significantly lower than after Bio treatment at 20 d (Appendix 7). These results may be 
related to inhibition of glyphosate biodegradation and nitrogen mineralization in the 
rhizosphere by soil adsorption while urea was readily absorbed into soybean leaves 
(Nicoulaud and Bloom, 1996; Vasilas et al., 1980) and released in the rhizosphere 
thereby stimulating microbial activity resulting in high nitrate (NO3- - N) content. 
Although transport of urea from soybean leaves to roots is very limited (Vasilas et al., 
1980), application of US to GR soybean increased NH4+ via urea hydrolysis in the plant 
and NH4+ release into the rhizosphere of soybean in the field study (Appendix 7). 
Otherwise, urea-N reaching soil surface directly or indirectly through soybean roots may 
contribute to increased N transformation by microbial activities. 
In the greenhouse study, the effect of soil (P < 0.001) on TON was significant 
(Table 4.2). TON showed only slight differences among treatments in both TP and BREC 
soils. TON in TP soil on GR plus Gly and on W82 - No Gly increased at 10 days; 
however, TON in BREC soil on GR - No Gly increased at 10 days (Figs. 4.7 and 4.8). 
Release of organic N compounds from roots was generally unaffected by the treatments 
applied to soybean in either soil. 
For TIN mineralization, only the effects of soil and sampling date were significant 
(Figs 4. 9, 4.10, and 4.11; Table 4.2). In TP soil, TIN in GR soybean rhizosphere was 
higher than in W82 soybean rhizosphere before treatment applications (Fig. 4.10). 
Herbicide significantly increased TIN in GR soybean rhizosphere at 10 days. Only the 
Bio treatment decreased TIN both in W82 soybean and in GR soybean at 20 d (Fig. 4.10). 
For all treatments, Bio application increased NH4+- N on W82 soybean and in GR 
soybean rhizospheres regardless of Gly application. US treatment increased NO3- - N on 
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W82 soybean and NH4+ - N on GR soybean plus Gly at 20 d (Appendix 8). The 
association of Gly with GR soybean increased nitrogen mineralization in the rhizosphere 
followed by an increase of NH4+ - N after US application (Appendix 8).  The conversion 
of NH4+ - N to NO3- - N by microbial activities may be inhibited due to low pH of TP soil 
(Chap. 1, Table 1.1; Appendix 8).  
In BREC soil, TIN in GR soybean rhizosphere significantly decreased after Gly 
application at 10 days followed by a slight increase with Bio or US addition at 20 d, after 
which TIN mineralization remained similar among treatments (Fig. 4.11). Gly application 
decreased both TON and TIN on GR soybean at 10 days since lower adsorption of the 
herbicide may be harmful to microbial activities able to mineralize nitrogen. Furthermore, 
significantly lower total bacteria populations in the rhizosphere of GR soybean plus Gly 
in BREC soil may also reduce TON and TIN at 10 days (Chap. 3, Fig. 3.3). 
Overall, limited effects of herbicide and foliar amendments on TON and TIN 
suggested that low levels of N substrates released into GR soybean rhizospheres or 
directly reaching soil surface may minimize the impact of microbial mineralization of 
TON and balance of TIN (Badalucco and Kuikman, 2001). 
 
Effects of glyphosate and foliar amendments on rhizosphere urease activity 
In the field study, every treatment significantly affected rhizosphere urease 
activity (Fig. 4.12; Table 4.1). Rhizosphere urease activity in GR soybean slightly 
decreased at 10 days followed by a significant increase regardless of US treatment at 20 d 
(Figs. 4.12A and C). Urease activity in GR soybean with Bio appeared slightly hindered 
compared with GR soybean alone or with US (Fig. 4.12).  
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In the greenhouse study, only the effects of soil and sampling date (P < 0.001, 
0.001, respectively) on rhizosphere urease activity were significant (Figs. 4.13 and 4.14; 
Table 4.2). In TP soil, rhizosphere urease activities on GR soybean significantly 
increased with Gly application at 10 days followed by a significant decrease at 20 d; 
however, activity recovered significantly after US application. Lowest urease activities 
on W82 soybean were higher than those on GR soybean without Gly at 10 days; however, 
activity was hindered after US application at 20 d (Fig. 4.13). The association of Gly with 
GR soybean may promote urease-producing microorganisms under high organic matter 
and a low pH soil conditions. 
In BREC soil, urease activity in W82 soybean was significantly higher than in GR 
soybean with any other treatments at 10 days (Fig. 4.14). In contrast, urease activities in 
GR soybean rhizosphere increased regardless of Gly application at 10 days, after which 
activities on GR soybean were promoted after Bio or US application at 20 d (Fig. 4.14). 
Rhizosphere urease activity may be influenced by soybean cultivar and foliar amendment 
treatment. 
Generally, urease activity is a representative N indicator due to the wide-spread 
ability of many soil bacteria to hydrolyze urea. Overall, apparently higher urease activity 
in BREC rhizospheres may be related to previous frequent application of fertilizer N in 
crop management systems and/or increased activity of microorganisms residing in BREC 
soils able to hydrolyze organic N compounds compared to TP soils. BREC soils also 
have higher pH than TP, which is conducive for urea hydrolysis.  
 
Conclusions 
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Differences in soil properties such as phosphorus and pH were apparently crucial 
for utilization of glyphosate as a carbon source by rhizosphere microorganisms. 
Nitrification of NH4+ - N to NO3- - N may be inhibited in TP soil due to low pH, thereby 
affecting TIN. The association of Gly with GR soybean may promote urease-producing 
microorganisms under high soil organic matter and low pH. 
In BREC soil, glyphosate application decreased both TON and TIN on GR 
soybean because lower adsorption allowed available herbicide in rhizosphere to 
detrimentally affect microbial activities related to N mineralization. Lower organic matter 
in BREC soil may inhibit microbial mineralization of C in rhizospheres of both soybean 
cultivars due to increased competition with other microorganisms for nutrient sources in 
the short term. Rhizosphere urease activity may be influenced by soybean cultivars and 
foliar amendment treatments. 
Finally, limited effects of herbicide and foliar amendments on microbial 
respiration, N mineralization, and urease activity suggested that reduced levels of 
exudates including C and N sources released into GR soybean rhizospheres may 
minimize microbial activity regardless of bacterial populations (Badalucco and Kuikman, 
2001). The results obtained for effects of glyphosate and GR soybean on general soil 
microbial properties including C and N transformations agree closely with findings of 
Liphadzi et al. (2005) who concluded that soil microbial measurements were similar in 
both GR and conventional cropping systems. 
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Fig. 4. 1. Average total organic C determined periodically after glyphosate 
application and (A) without foliar amendment applied, (B) with biostimulant, or (C) 
with urea solution during the 2003 cropping season at the BREC, University of 
Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 2. Average total organic C determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from TP. Vertical 
bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 3. Average total organic C determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from BREC, 
University of Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 4. Average cumulative CO2 efflux determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from TP. Vertical 
bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 5. Average cumulative CO2 efflux determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from BREC, 
University of Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
 
 
 
 - 92 - 
T
ot
al
 N
 (g
 k
g-
1  
so
il)
0
5
10
15
20
GR-No Gly
GR-Gly
T
ot
al
 N
 (g
 k
g-
1  
so
il)
0
5
10
15
20
GR-No Gly-Bio
GR-Gly-Bio
DAA
0 5 10 15 20 25 30 35
To
ta
l N
 (g
 k
g-
1  
so
il)
0
5
10
15
20
GR-No Gly-US
GR-Gly-US
NS NS NS
NSNS
NS
A
C
B
T
ot
al
 N
 (g
 k
g-
1  
so
il)
T
ot
al
 N
 (g
 k
g-
1  
so
il)
To
ta
l N
 (g
 k
g-
1  
so
il)
 
 
Fig. 4. 6. Average total N determined periodically after glyphosate application and 
(A) without foliar amendment, (B) with biostimulant, or (C) with urea solution 
during the 2003 cropping season at the BREC, University of Missouri. Vertical bars 
indicate LSD (0.05). NS is not significant. 
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Fig. 4. 7. Average total N determined periodically after glyphosate application and 
(A) without foliar amendment, (B) with biostimulant, or (C) with urea solution 
during the greenhouse study using soils collected from TP. Vertical bars indicate 
LSD (0.05). NS is not significant. 
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Fig. 4. 8. Average total N determined periodically after glyphosate application and 
(A) without foliar amendment, (B) with biostimulant, or (C) with urea solution 
during the greenhouse study using soils collected from the BREC, University of 
Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 9. Average inorganic N mineralized determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the 2003 cropping season at the BREC, University of Missouri. 
Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 10. Average inorganic N mineralized determined periodically after 
glyphosate application and (A) without foliar amendment, (B) with biostimulant, or 
(C) with urea solution during the greenhouse study using soils collected from TP. 
Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 11. Average inorganic N mineralized determined periodically after 
glyphosate application and (A) without foliar amendment, (B) with biostimulant, or 
(C) with urea solution during the greenhouse study using soils collected from BREC. 
Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 12. Average urease activity determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the 2003 cropping season at the BREC, University of Missouri. 
Vertical bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 13. Average urease activity determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from TP. Vertical 
bars indicate LSD (0.05). NS is not significant. 
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Fig. 4. 14. Average urease activity determined periodically after glyphosate 
application and (A) without foliar amendment, (B) with biostimulant, or (C) with 
urea solution during the greenhouse study using soils collected from the BREC, 
University of  Missouri. Vertical bars indicate LSD (0.05). NS is not significant. 
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CHAPTER 5 
INHIBITION OF IVYLEAF MORNINGGLORY (IPOMOEA HEDERACEA) 
GROWTH BY INDOLE-3-ACETIC ACID AND RHIZOBACTERIA 
 
 
Abstract 
Indole-3-acetic acid (IAA) biosynthesis by bacteria occurs widely in rhizospheres. 
Bacterial species able to synthesize IAA may be exploited for beneficial interactions in 
crop management systems. The objective of this study was to determine the response of 
ivyleaf morningglory (Ipomoea hederacea) seedlings to IAA and to an IAA-producing 
rhizobacterum, Bradyrhizobium japonicum isolate GD3. IAA solution and isolate GD3 
suppression of seedling growth measured as radicle length and biomass depended on IAA 
concentration. Seedling radicle length was significantly reduced by ca. 29% with more 
than 1.0 μM of IAA solution, compared to the control, 48 h after application. The cell 
concentration at 50% growth reduction (GR50) of the seedling radicle was IAA 
production by isolate GD3 at 104.82 cfu, the cell concentration for 50% growth reduction 
(GR50) of seedling radicle was 0.24 μM, which was much lower than the IAA solution 
concentration (117.48 μM) required for GR50. Therefore, excess IAA production by 
isolate GD3 may be more detrimental to morningglory radicle growth than standard IAA 
solution. Results confirmed involvement of IAA in suppressive effects of isolate GD3 on 
morningglory seedlings grown in a hydroponic system. Results may have implications for 
other cropping systems using herbicide-resistant crops or those systems using biological 
agents for weed management. 
Keywords: indole-3-acetic acid, IAA; phytohormones; IAA metabolites; Bradyrhizobium 
japonicum; ivyleaf morningglory (Ipomoea hederacea); deleterious rhizobacteria, DRB; 
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plant growth promoting rhizobacteria, PGPR; dose response; polymerase chain reaction- 
Denaturing gradient gel electrophoresis; PCR-DGGE. 
 
Introduction 
Ivyleaf morningglory (Ipomoea hederacea) is a noxious weed and is one of the 
most competitive weed species in soybean production (Dowler, 1992). Morningglory 
species are not greatly susceptible to glyphosate and may become increasingly tolerant as 
widespread use of glyphosate-resistant (GR) crops continues (Shaner, 2000; Shaw and 
Arnold, 2002). Frequently, tolerance of annual weed species to glyphosate leads to 
increased application rates of glyphosate or applications of other herbicides for residual 
weed control in glyphosate-resistant soybean (Glycine max). These additional herbicide 
applications may injure crops through decreased chlorophyll contents (Johnson et al., 
2002) and reduced nodulation (King et al., 2001) under especially adverse environmental 
conditions such as temperature, water, and nutritional stresses and result in potential yield 
decreases (Reddy et al., 2000).  
The rhizosphere generally provides microenvironments supporting microbe-plant 
interactions due to abundant and diverse nutrients released in root exudates, resulting in 
larger microbial populations and greater activity than in the bulk soil (Kennedy, 2005; 
Kremer, 2006). A beneficial rhizosphere interaction that might be exploited is the 
biological control of weed seedlings by phytotoxic metabolites synthesized by deleterious 
rhizobacteria (DRB). A biological control approach may provide potential alternatives to 
herbicides or may supplement herbicides such as glyphosate to improve control of 
herbicide-tolerant weeds. The effect of DRB on host seedlings varies depending on root-
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colonizing ability, specific phytotoxin production, and resistance to antibiotics produced 
by other rhizosphere microorganisms (Kremer, 2006).  
Numerous rhizobacteria isolated from rhzospheres of both GR and non-transgenic 
soybean synthesized various levels of auxin-like compounds (Chap. 3). The colonization 
and growth inhibition of morningglory roots by selected DRB was further demonstrated 
to be related to production of high amounts of indole-3-acetic acid, IAA (Chap. 6; Kim 
and Kremer, 2005). Growth-suppressive activity based on endogenous and exogenous 
production of high amounts of IAA has been previously described for several DRB 
including a transgenic rhizosphere pseudomonad (Dubeikovsky et al., 1993), 
Enterobacter taylorae (Kremer and Sarwar, 1995), and Pseudomonas putida (Barazani 
and Friedman, 1999; Xie et al., 1996). Kremer and Sarwar (1995) reported microbial 
production of IAA by a number of rhizobacteria isolates and that IAA produced from L-
tryptophan substrate by Enterobacter taylorae isolate 3.8.12.7 inhibited growth of a 
diverse array of weed seedlings including velvetleaf (Abutilon theophrasti), 
morningglory, redroot pigweed (Amaranthus retroflexus), and green foxtail (Setaria 
viridis) in agar bioassays. In the rhizosphere, exogenous tryptophan may be released in 
root exudates in sufficient amounts to induce significant IAA biosynthesis of 
rhizobacteria. 
IAA biosynthesis in bacteria (Agrobacterium, Pseudomonas, Bradyrhizobium, 
etc.) can occur by multiple pathways, which are classified based on the pathway 
intermediates including: indole-3-acetamide, indole-3-pyruvate, tryptophan side chain, 
tryptamine, and indole-3-acetonitrile (Gaudin et al., 1994; Patten and Glick, 1996). Both 
Pseudomonas syringae pv. savastanoi and Pseudomonas syringae pv. syringae, 
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synthesizing  IAA by the indole-3-acetamide pathway, were similar with respect to 90 % 
amino acid sequences of iaaM and iaaH genes (Mazzola and White, 1994); however, not 
all Pseudomonas syringae strains synthesize IAA via the indole-3-acetamide pathway 
(White and Ziegler, 1991). Bradyrhizobium japonicum, well known as a N-fixing 
bacterium in symbiosis with soybean plants, synthesizes IAA via the indole-3-acetamide 
pathway; however, genes involved in the IAA biosynthesis of B. japonicum have not only 
been discovered for the location on genome but also had no similarity to iaaM involved 
in IAA biosynthesis of Pseudomonas syringae (Sekine et al., 1988; Sekine et al, 1989). 
Also, the indole-3-pyruvate pathway is involved with IAA in P. syringae (Kuo and 
Kosuge, 1970) and Enterobacter cloacae (Koga et al., 1991). Gene sequences involved 
the major pathways with IAA production in rhizobacteria are not known completely.  
Bacteria involved in IAA biosynthesis may comprise up to 80 % of the bacterial 
population of rhizospheres and rhizoplanes, depending on environmental conditions and 
the plant species (Leinhos and Vacek 1994). IAA and other auxin-like compounds 
produced by bacteria greatly affect host plants by stimulating plant growth and through 
phytopathogenesis. At physiological concentrations, auxins control plant cell 
differentiation, structural organization, and the shift from vegetative to reproductive 
growth. However, excess concentrations of exogenous IAA in the rhizosphere lead to 
cell-wall loosening by stimulating cellulase activity, and membrane leakage, resulting in 
loss of water and nutrients (Cohen et al., 2002). Such IAA imbalances mediated by DRB 
in the rhizosphere benefit rhizobacteria populations and dense colonization of root 
surfaces, which are prerequisites for plant growth suppression. 
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Few experiments have been conducted to investigate the effect of auxin 
compounds on morningglory. The population thresholds of IAA-producing bacteria that 
are required to affect morningglory seedling growth have not been quantified. 
Characterization of morningglory response to IAA and IAA-producing rhizobacteria may 
be important in providing a management option for controlling populations of this weed 
that are tolerant to glyphosate. We tested the hypothesis that increased production of IAA 
enhances the growth-suppressive effects of DRB. Therefore, the objectives of this study 
were to determine the response of morningglory to IAA and to quantify levels of an IAA-
producing rhizobacterium that suppress growth of morningglory.  
 
 
Methods and Materials 
Seedling growth  
Ivyleaf morningglory seeds were surface sterilized by immersing in 70 % ethanol 
for 2 min, rinsing in sterile water, immersing in 1.25 % sodium hypochlorite for 4 min, 
rinsing 4-6 times with sterile water and blotting on autoclaved filter paper. The surface-
sterilized seeds were germinated in petri dishes containing 1.5 % agar. Petri dishes were 
wrapped with parafilm and incubated at 27 °C overnight.  
 
Response of morningglory seedlings to IAA solution 
Ten pre-germinated seeds were transferred aseptically into a petri plate with agar 
(1.5%) amended with 1.0 ml of the appropriate IAA concentration in five replicates. For 
the control, sterilized distilled water (1 ml) was used to amend the agar.  
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Bacteria culture conditions for IAA assays and bacteria identification 
Bacterial isolates showing a range of IAA production were verified for IAA 
production using a method based on the quantitative colorimetric assay of Gordon and 
Weber (1951). For the colorimetric IAA assay of each isolate, a 24- to 72-h half-strength 
tryptic soy broth culture was diluted in sterile water to obtain an O.D. of 0.5 at 500 nm. 
The diluted broth suspension (1 ml) was added to 14 ml of growth medium in a 30-ml 
tube. The growth medium contained (in g·L-1): glucose, 5.0; yeast extract, 0.025. L-
tryptophan at 0.204 g·L-1 was added in the growth medium as a substrate for IAA 
production. Controls were prepared by substituting sterile water for bacterial suspension. 
Tubes were capped, vortexed, and statically incubated in the dark at 27 °C for no more 
than 72 h. For the analysis of IAA production, turbidity of each culture was adjusted to 
108 cells ml-1 at 500 nm absorbance with sterile water based on previously determined 
growth curve before filtration through 0.2-µm filter membranes. Each culture filtrate was 
dispensed in three replicate wells of 96-well microplates (Corning) for the assays using 
the microplate method, a modification of the standard method (Gordon and Weber, 1951) 
developed by Sarwar and Kremer (1995). IAA in the microplate assays was determined 
spectrophotometrically at 530 nm using a microplate reader (Dynatech MR 5000).  
 
Soil preparation 
Square plastic pots (260.47 cm3) were prepared with a bottom layer of perlite 
approximately 1 cm deep over which was dispensed approximately 223.26 cm3 of a soil-
perlite mixture. Soil was classified as a Mexico silt loam (fine, smectitic, mesic, Aeric 
Vertic Epiaqualf) with pH 6.8 and 3.3 % organic matter and mixed with perlite [30 % 
 - 110 - 
(v/v)]. The soil-perlite mixtures were exposed to microwave radiation (2 min·kg-1 soil; 
625W heating power; 2,450 MHz). The microwave treatment is known to remarkably 
reduce soil fungal species such as Pythium and Fusarium with little effect on bacterial 
species (Ferriss, 1984; Larkin et al., 1995).   
 
Rhizobacteria cultures  
Bradyrhizobium japonicum isolate GD3, originating from GR soybean 
(‘Roundup-Ready’ soybean, DeKalb DKB38-52) roots, suppressed the seedling growth 
of ivyleaf morningglory (Kim and Kremer, 2005). Isolates 96-1-1C, 116-1-2C, 98-1-1C, 
and 93-2-11C originated from the 2005 greenhouse study and exhibited a range of IAA 
production (Chap. 3, Table 3.4). Each bacterial isolate was cultured on half-strength 
tryptic soy agar (TSA) and incubated at 27 ˚C for 48 h prior to use. 
 
Response of morningglory seedlings to Bradyrhizobium japonicum isolate GD3 
B. japonicum cultured on TSA provided inocula for the dose response assay with 
morningglory seedlings. For inocula preparation, bacterial cultures were suspended in 
peptone broth (0.1 %), spectrophotometrically adjusted to 10
8
 cells·ml
-1
 at 500 nm, and  
serial-diluted in sterilized distilled water to appropriate inoculum densities. Five pre-
germinated morningglory seeds were aseptically sown about 1 cm below the soil surface 
in a pot and inoculated with 2 ml of bacterial inoculum two times at an interval of 2 days. 
For the control, peptone broth (0.1 %) was dispensed onto the seeds. The pouches were 
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placed at ambient temperature (19 – 24 °C) under 12-h light and 12-h dark period 
supplemented with fluorescent lamps. Six replicate pots were prepared per treatment. 
 
PCR amplification and DGGE analyses  
Bacterial DNA was extracted from each isolate using the Soil Isolation DNA Kit 
(MoBio Laboratories). The extracted DNA was quantified by absorbency measurement 
using a spectrophotometer at 260 nm and stored at -20 °C. Universal bacterial primers 
(F984GC-R1378) targeting 16S rDNA at 968-1401 bp (E.coli rDNA sequence) were used 
for PCR (Heuer and Smalla, 1997). The PCR mixtures had a final volume of 50 μL and 
contained 20 pmol of each primer, 10-25 ng DNA template, in 2x Red TaqReadyMix 
(Sigma-Aldrich Co.). PCR was performed in an Eppendorf Mastercycler Thermal Cycler 
(Perkin-Elmer) using the following program: 94°C for 4 min, followed by 35 cycles of 94 
°C for 1 min, 55 °C for 1 min, 72 °C for 2 min and a final extension at 72 °C for 10 min, 
then held at 4 °C.  The resulting PCR products were analyzed on a 3 % agarose gel to 
confirm their size and yield. 
Denaturing gradient gel electrophoresis was performed using a DCode Universal 
Mutation Detection System (BioRad) on a polyacrylamide gel (8 %) with a gradient of 35 
to 55 % denaturant (urea + formamide) at 165 v for 6 h. Seven known bacteria were used 
as markers obtained from Bradford soil isolates. DNA bands in the gels were stained with 
SYBR Green I (Molecular Probes) and patterns were photographed by using the 
GeneGenius Gel Documentation System (Syngene).  
 
Variables Measured and Statistical Analysis 
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To determine dose response of morninggloy to IAA solutions, seedling radicles 
were measured 48 h after IAA solutions were applied. For the concentration response of 
morningglory to isolate GD3, roots were weighed and rated 12 days after pre-germinated 
seeds were inoculated. The rating ranged from 0 to 5 based on development of root 
necrosis (discoloration), with 0 = healthy without discoloration and 5 = primary roots 
entirely necrotic and most of the secondary roots showing discoloration. Each root 
system was spread out by suspending in distilled water for rating. GR50 is defined as 50% 
growth reduction (Lavy and Santelmann, 1986) and was estimated based on regression 
equations obtained from the response of morningglory seedlings to cell concentration of 
isolate GD3 and IAA dose. The study was set up in a randomized complete block design 
(statistical model and treatment arrangements shown in Appendices 10 and 11). The data 
were subjected to analysis of variance by PROC ANOVA (SAS Institute, 2001) and, 
where the F-tests were significant, treatment means were separated using Fisher’s 
protected LSD (α= 0.05).  
 
Results and discussion 
Response of morningglory seedlings to IAA solution 
Suppressive effects of IAA solutions on pre-germinated seedlings varied 
depending on IAA concentration (Fig. 5.1). Seedling radicle length was not affected at 
concentrations less than 1.0 μM of IAA; however, length was significantly inhibited by 
1.0 μM of IAA solution, which reduced growth by ca. 29 %, compared to the control, 48 
h after application (Fig. 5.1). IAA concentration for 50 % inhibition of radicle length 
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(GR50) was 102.40 μM (Fig. 5.1). IAA concentration at 102.40 μM for GR50 of seedling 
radicle length was calculated as 251.19 μM. 
 
Response of morningglory seedlings to Bradyrhizobium japonicum isolate GD3 
Bradyrhizobium japonicum isolate GD3 was selected based on its high levels of 
IAA production (365.38 μM; Table 5.1) and its ability to suppress growth of ivyleaf 
morningglory seedlings grown in a hydroponic system (Chap. 6; Kim and Kremer, 2005). 
The isolate was inoculated onto the pre-germinated seedlings in soil with appropriate cell 
concentrations. Suppressive effects of isolate GD3 on seedlings varied when measured as  
radicle biomass and injury rating (Figs. 5.2 and 5.3). The cell concentration for 50 % 
inhibition of radicle biomass at GR50 was 109.04 cfu (Fig. 5.2). IAA production at 109.04 
cfu for GR50 of seedling radicle biomass was calculated as 4006.31 μM based on the 
365.85 μM IAA concentration produced by isolate GD3 at 108 cfu. The line describing 
the isolate GD3 cell concentration and root rating of morningglory seedlings relationship 
also illustrated the suppressive effect of isolate GD3 cell concentration on seedling 
growth (Fig. 5.3). Injury rating agreed closely with reductions in radicle biomass 
demonstrating accuracy at the visual rating system (Fig. 5.4). 
 
PCR-DGGE and isolate verification 
 Pseudomonas syringae isolates with a diverse range of IAA production (0 to 18.56 μM) 
showed the same location of bands that represented amplified DNA fragments (Fig. 5.5). 
Isolates producing high levels of IAA, Bradyrhizobium japonicum isolate GD3 and 
Phyllobacterium rubiacearum isolate 93-2-11C, showed similar locations of bands (Fig. 
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5.5; Table 5.2).Those with low to no IAA production, the P. syringae isolates, had DNA 
bands at similar locations. Differential migration suggested not only differences in 
specific bacteria strains but also an association with the ability to produce IAA. 
 
Conclusion 
 Suppressive effects of IAA standard solution and isolate GD3 cell cultures on pre-
germinated morningglory seedlings were detected as reductions in both radicle length and 
biomass.  IAA production by isolate GD3 at 104.82 cfu, the GR50 for radicle biomass 
reduction, was 0.24 μM, which is much lower than the IAA concentration (117.48 μM) 
ml-1 needed for GR50 of radicle length. Therefore, excess IAA production of isolate GD3 
may be more detrimental to radicle biomass of morningglory than radicle growth 
inhibited by IAA solution, which also somewhat confirmed the suppressive effect of 
isolate GD3 on morningglory seedlings grown in a hydroponic system (Chap. 6). 
Amending soil with rhizobacteria able to producing high levels of IAA may suppress 
morningglory seedling growth and act synergistically with glyphosate in managing this 
herbicide-tolerant weed. Results may have implications for other cropping systems using 
herbicide-resistant crops or those systems using biological agents for weed management. 
Finally, the intense growth suppressive effect of isolate GD3 may be related with other 
phytotoxins, acting synergistically with IAA produced by isolate GD3 to reduce radicle 
growth of morningglory seedlings. Therefore, future research is required to verify 
involvement of other growth-inhibiting mechanisms by rhizobacteria on morningglory 
growth. 
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Fig. 5. 1. Effect of IAA solution on radicle growth of seedlings two days after 
dispensed. Curve is predicted non-linear regression models using single and 2- 
parameter equation [Y(x) =Y0expkx], where Y0 and Yx are the initial and suppressive 
radicle length at IAA concentration per a plant of morningglory seedling (x) when k 
= -0.0059. * represents significance at P < 0.05. † represents IAA concentration at 
GR50. ‡ represents 50 % of growth reduction. 
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Table 5. 1. IAA production of bacterial isolates by colorimetric IAA assay. 
 
 Isolate IAA production 
  -- μM -- 
A Pseudomonas syringae 96-1-1C 0.00 
B P. syringae 116-1-2C 10.46 
C P. syringae 98-1-1C 18.56 
D Bradyrhizobium japonicum GD3 365.38 
E Phyllobacterium rubiacearum 93-2-11C 686.38 
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Fig. 5. 2. Effect of isolate GD3 cell concentration on radicle biomass of morningglory 
seedlings. Curve is predicted non-linear regression models using single and 2- 
parameter equation [Y(x) =Y0expkx], where Y0 and Yx are the initial and suppressive 
biomass at Log total isolate GD3 cell concentration inoculated per a plant of 
morningglory (x) when k = -0.0925. * represents significance at P < 0.05. † 
represents Log cell conc. at GR50. ‡ represents 50% of growth reduction. 
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Fig. 5. 3. Effect of isolate GD3 cell concentration on growth rating of morningglory 
seedlings. Line is composed of predicted values based on linear regression models of 
equation [Y(x) =Y0+kx], where Y0 and Yx are the initial and suppressive rating of 
seedlings at Log total isolate GD3 cell concentration inoculated per a plant of 
morningglory (x) when k = 0.2917. * represents significance at P < 0.05. 
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Fig. 5. 4. Relationship of growth suppressive rating with radicle biomass of 
morningglory seedlings. Line is composed of predicted values based on linear 
regression models of equation [Y(x) =Y0+kx], where Y0 and Yx are the initial and 
suppressive rating of seedlings at radicle biomass(x) when k = - 0.0462. * represents 
significance at P < 0.05. 
 
 
 - 118 - 
 
 
Fig. 5. 5. DGGE profiles of A, isolate 96-1-1C; B, isolate 116-1-2C; C, isolate 98-1-
1C; D, isolate GD3; E, isolate 93-2-11C after PCR-amplified with 16S rDNA. M 
represents markers of different bacterial species. 
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CHAPTER 6 
SCANNING AND TRANSMISSION ELECTRON MICROSCOPY OF ROOT 
COLONIZATION OF MORNINGGLORY (IPOMOEA SPP.) SEEDLINGS BY 
RHIZOBACTERIA  
 
Abstract 
Hydroponically-grown ivyleaf morningglory (Ipomoea hederacea) seedlings 
inoculated with deleterious rhizobacteria (DRB) were studied to observe colonization of 
roots using scanning and transmission electron microscopy. The DRB, Bradyrhizobium 
japonicum isolate GD3, previously isolated as a DRB producing high concentrations of 
indole-3-acetic acid (IAA), and Pseudomonas putida isolate GD4, were compared with a 
plant growth promoting rhizobacterium (PGPR), Bacillus megaterium isolate GP4. 
Scanning electron microscopy revealed that the colonization of isolates GP4 and GD4 
were consistently distributed on the surface of roots; however, isolate GD3 was deeply 
localized into surface furrows of roots. Transmission electron microscopy showed 
considerable alterations of root cells including vesiculation, partial cell wall degradation, 
and cytoplasm disorganization. The average population density of isolate GD4 on the 
root surface was about 10 and 100 times greater than GP4 and GD3, respectively. Root 
elongation of seedlings inoculated with isolates GD3 and GD4 after 7 days of growth was 
significantly inhibited by ca. 26% and 90%, respectively, compared to the control. This 
study showed that inhibition of morningglory root growth by isolate GD3 might be 
related to production of high concentrations of IAA although other phytotoxins likely 
contributed to inhibiting root elongation of morningglory inoculated with isolate GD4. 
Rhizobacteria able to suppress morningglory growth may be effective as biological 
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control agents to supplement herbicide weed management in crops where morningglory 
is difficult to control. 
 
Keywords: rhizosphere; deleterious rhizobacteria; ivyleaf morningglory (Ipomoea 
hederacea);  Pseudomonas spp.; Bradyrhizobium spp.; indole-3-acetic acid, IAA; IAA 
metabolites; scanning electron microscopy, SEM; transmission electron microscopy, 
TEM; colonization. 
 
Introduction 
The introduction of glyphosate-resistant soybean has changed traditional 
herbicide management from that based largely on soil-applied residual herbicides for 
specific weed species to one of almost complete reliance on post-emergence applications 
of herbicides for nonselective control of weeds. Glyphosate [N-
(phosphonomethyl)glycine; Roundup] is a foliar-applied, broad spectrum, non-selective 
herbicide that controls a wide array of grass and broadleaf weeds. A single 
postemergence application is usually sufficient to control weeds in glyphosate-resistant 
crops planted in narrow rows (Ateh and Harvey, 1999; Culpepper et al., 2000; Wait et al. 
1999).  
However, previous studies have shown that several annual weeds, such as ivyleaf 
morningglory (Ipomoea hederacea), velvetleaf (Abutilon theophrasti), hemp sesbania 
(Sesbania exaltata), and acanthaceas (Dicliptera chinensis) are more difficult to control 
with glyphosate than many other common weeds (Krausz et al., 1996; Jordan et al., 1997; 
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Yuan et al., 2002). Frequently, annual weed species tolerant to glyphosate lead to 
increased application rates of glyphosate or additional applications of other herbicides for 
residual weed control in glyphosate-resistant crops (Johnson et al., 2002).  
An alternative to herbicides is biological weed control using deleterious 
rhizobacteria (DRB). Kremer et al. (1990) reported a wide variety of DRB which 
inhibited in vitro seedling growth of velvetleaf (Abutilon theophrasti), morningglory 
(Ipomoea spp.), cocklebur (Xanthium canadense), pigweed (Amaranthus spp.), common 
lambsquarters (Chenopodium album), smartweed (Polygonum spp.), and jimsonweed 
(Datura stramonium). The effects of these DRB on host seedlings varied depending on 
root-colonizing ability, specific phytotoxin production and resistance to antibiotics 
produced by other rhizosphere microorganisms. Metabolites that have been implicated in 
deleterious activity include hydrogen cyanide (Alstrom and Bruns, 1989; Bakker and 
Schippers, 1987), phytohormones including indole-3-acetic acid (IAA) (Loper and 
Schroth, 1986; Schippers et al., 1987), and other unidentified phytotoxins (Bolton and 
Elliott, 1989; Fredrickson and Elliott, 1985a, b).  
Growth suppressive activity based on production of high amounts of IAA has 
been described for several DRB including a transgenic rhizosphere pseudomonad 
(Dubeikovsky et al., 1993), Enterobacter taylorae (Sarwar and Kremer, 1995), and 
Pseudomonas putida (Barazani and Friedman, 1999; Xie et al., 1996). Liu et al. (1982) 
reported that a gene (iaaP) necessary for IAA synthesis by Agrobacterium spp. induced 
crown gall tumor formation or “hairy roots” in host plants. Gaudin et al. (1994) showed 
that the IAA biosynthesis pathway in bacteria (Agrobacterium, Pseudomonas, 
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Bradyrhizobium, etc.), in which tryptophan is converted to IAA, was much simpler than 
pathways in plants. The host plants may provide a favorable environment for bacteria to 
proliferate and produce excessive amounts of IAA thus weakening the plant and 
promoting root colonization.  
Colonization of weed seedling root surfaces by DRB has been described in a 
limited number of studies using electron microscopy that provides topographical and 
morphological images of the colonization features of rhizobacteria. Souissi et al. (1997) 
reported that colonization and attachment of the rhizobacteria, P. fluorescens isolate 
LS102 and Flavobacterium balustinum isolate LS105, to the root surfaces of leafy spurge 
(Euphorbia esula) were associated with microfibrils likely anchoring and entrapping 
bacterial cells. Transmission electron microscopy showed cell walls of the host plant 
apparently degraded at some points of contact between rhizobacteria and leafy spurge 
cells. Li et al. (2002), using scanning electron microscopy, demonstrated that selected 
DRB strains, P. fluorescens, P. putida, and Stenotrophomonas maltophilia, densely 
colonized the roots of green foxtail (Setaria viridis) and significantly reduced in vitro 
seedling growth by 50%.  
Ivyleaf morningglory is a noxious weed and is one of the most competitive weed 
species in soybean production (Dowler, 1992). Morningglory species are not greatly 
susceptible to glyphosate and may become increasingly tolerant as widespread use of 
glyphosate-resistant crops continues (Shaner, 2000). Glyphosate-resistant soybeans 
harbor a diverse community of bacteria in the rhizosphere, which may include DRB, with 
weed-suppressive activity. If DRB that suppress morningglory growth exist in the 
soybean rhizosphere, these might be exploited for biocontrol and supplement weed 
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control with glyphosate. 
The rhizobacteria communities in agroecosystems are very diverse and include 
species of Pseudomonas, Enterobacter, Bacillus, Bradyrhizobium and many other genera 
(Li and Kremer, 2000; Sarwar and Kremer, 1995). For this study, we selected 
rhizobacteria classified as species of Pseudomonas and Bradyrhizobium, both with 
different effects on seedling growth of morningglory, to better understand the diverse root 
colonization patterns that influence the rhizobacteria-plant interaction. Although 
Bradyrhizobium species are well known for their biological nitrogen fixation activity in 
association with soybean, they are also known to have other effects on plant growth of 
legumes and non-legumes (Antoun et al. 1998; Werner, 1992). The objective of this study 
was to investigate the effects of selected rhizobacteria from different soil ecosystems on 
the root growth, colonization, and root cellular structure of ivyleaf morningglory 
seedlings.  
 
Materials and Methods 
Rhizobacteria cultures  
Pseudomonas putida isolate GD4 was previously shown to effectively suppress 
seedling growth of several weeds, whereas Bacillus megaterium GP4 promoted weed 
seedling growth (Li and Kremer, 2000; Li et al., 2002).  Bradyrhizobium japonicum 
isolate GD3, originating from Roundup Ready soybean roots, suppressed the seedling 
growth of ivyleaf morningglory (Kim and Kremer, 2005). Isolate GD3 was isolated by 
using an IAA screening method based on an in situ membrane assay (Bric et al, 1991) for 
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detecting bacteria that produce IAA. This color indicator assay revealed that isolated 
GD3 qualitatively produced high levels of IAA. Each bacterial isolate was cultured on 
King’s B agar medium and incubated at 27 ˚C for 48 h prior to use in assays (King et al., 
1954). 
 
 IAA Assays 
IAA production by the bacterial cultures in half-strength King’s B broth was 
measured colorimetrically using Salkowski’s reagent (Gordon and Weber, 1951). For the 
IAA assays, a 24-h broth culture of each isolate was diluted in sterile water to an O.D. of 
0.5 at 500 nm. The suspension (1 ml) was added to 14 ml of half strength King’s broth in 
a 30 ml tube.  Controls were prepared by substituting sterile water for the bacterial 
suspension. Tubes were capped, vortexed, statically incubated in the dark at 27 °C for 72 
h, and centrifuged for 10 min at 6,000 rpm. Salkowski’s color-developing reagent was 
prepared by mixing 0.5M FeCl3 (2 ml) with 35 % perchloric acid (98 ml) (Gordon and 
Weber, 1951). IAA present in the culture broth supernatants (3 ml) was reacted with the 
reagent (2 ml) to yield a pink-colored product after 30-min incubation, which was 
quantitatively measured on a spectrophotometer at 530 nm. 
 
Seedling growth and inoculum preparation 
Ivyleaf morningglory seeds were surface sterilized by immersing in 70 % ethanol 
for 2 min, rinsing in sterile water, immersing in 1.25 % sodium hypochlorite for 4 min, 
rinsing 4-6 times with sterile water and blotting on autoclaved filter paper. The surface-
sterilized seeds were germinated in Petri dishes containing 1.5 % agar. Petri dishes were 
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wrapped with parafilm and incubated at 27 °C overnight. Bacteria were grown on tryptic 
soy agar for 24 h to provide inocula for pre-germinated seeds in the hydroponic system. 
For inocula preparation, bacterial cultures were suspended in peptone broth (0.1%) and 
spectrophotometrically adjusted to 10
8
 cells·ml
-1
 at 500 nm.  
 
The Hydroponic System 
The effects of DRB isolates on ivyleaf morningglory were monitored in a 
hydroponic system by measuring root elongation of seedlings growing in nutrient 
solution. The pouches (Northrup-King) are made of plastic bags (16 X 18 cm) with 
germination paper wick inserts and contain 20 ml of nutrient solution (Hoagland and 
Arnon, 1938). Potassium nitrate (0.5 mM) was added to the nutrient solution and the pH 
was adjusted to 6.7. Three pre-germinated morningglory seeds were aseptically placed on 
the paper towel wick and inoculated with 2 ml of bacterial inoculum two times at an 
interval of 2 days. For the control, peptone broth (0.1 %) was dispensed onto the seeds. 
The pouches were placed at ambient temperature (19 – 24 °C) under 12-h light and 12-h 
dark period supplemented with fluorescent lamps. Five replicate pouches were prepared 
per treatment.  
 
Electron Microscopic Studies 
Seedlings of 7-d-old morningglory were randomly selected from growth pouches 
of each treatment for electron microscopic examination. Tissue samples from inoculated 
and non-inoculated seedling roots of ivyleaf morningglory were fixed in 2 % 
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glutaraldehyde (made up in 0.1 M cacodylate buffer) in the refrigerator (8 °C) for 1.5 hr. 
Samples were washed two times in the same buffer for 10 min, post-fixed in 1% OsO4 for 
4 h, and dehydrated as follows: 30 %, 50 %, 70 %, 85 %, and 95 % ethanol for 15 min; 
100 % ethanol, two times for 15 min each.  For scanning electron microscopy, the 
Critical Point Drying (CPD) method, sputter coating, and an Amray 1600 scanning 
electron microscope were used at 20 kv. For transmission electron microscopy, samples 
were fixed as above, dehydrated in acetone, and embedded in Epon 812 resin. Thin 
sections were made by ultramicrotome equipped with a diamond knife, stained with 
uranyl acetate and lead citrate, and examined with a JEOL JEM-100B transmission 
electron microscope. Root vascular systems and rhizobacteria colonization patterns were 
observed by TEM and SEM, respectively. 
 
Variables Measured and Statistical Analysis 
Root elongation was measured periodically during a 6-d period after the 
hydroponic system was set up. Fresh plant top weight was measured after 7 d of growth. 
Root systems not used for SEM or TEM were suspended in PBS and agitated vigorously 
on a vortex shaker for 5 min. The populations of each bacterial isolate on roots were 
determined by serially diluting root suspensions in PBS, spread-plating onto duplicate 
plates of King’s B agar, and incubating for 72 h at 27 °C.  The study was set up in a 
randomized complete block design. Three DRB isolates and a control were tested for root 
colonization and seedling fresh weight. The data were subjected to analysis of variance 
and, where the F-test was significant, treatment means were separated using Fisher’s 
protected LSD (α= 0.05).  
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Results and discussion 
Rhizobacteria Properties  
A comparison of IAA production revealed wide differences among the 
rhizobacterial isolates used in the study (Chap. 1, Table 1). Isolate GD3, originating from 
a soybean rhizosphere, was an extremely more prolific IAA producer than isolate GP4, 
presumably a PGPR. The variability in IAA production by rhizobacteria has been 
documented previously (Sarwar and Kremer, 1995). 
Growth responses of ivyleaf morningglory to the three rhizobacterial isolates 
varied in seedling root growth and fresh top weight (Fig. 6.1; Table 6.2). Seven days after 
inoculation, root elongation was significantly inhibited by isolates GD3 and GD4, which 
reduced growth by ca. 26% and 90%, compared to the control, respectively (Fig. 6.1). 
Isolate GD4 not only severely inhibited root growth but also significantly reduced fresh 
top weight of morningglory determined 7 days after inoculation (Table 6.2). 
All rhizobacteria colonized the roots of morningglory seedlings within 7 d after 
inoculation (Tables 6.1 and 6.3). Isolate GD3 colonized morningglory at the lowest 
population density probably because it normally colonizes the soybean rhizosphere. 
However, isolates GD4 and GP4, originating from other host weeds, colonized 
morningglory roots at high population densities. These high numbers may result from 
bacterial growth stimulation by specific root exudates (Brimecombe et al., 2001). 
Additionally, rhizobacteria may be specifically attracted to roots through chemotaxis 
(Begonia and Kremer, 1994), thus contributing to establishment of high cell densities on 
the root surface. Therefore, these aggressively colonizing rhizobacteria are likely to 
severely damage weed seedlings due to phytotoxins produced by the high numbers of 
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rhizobacteria on the root surface (Kremer and Kennedy, 1996). Deleterious activity was 
noted for root surfaces inoculated with isolate GD4 where abnormally dark brown and 
wrinkled lesions were observed (data not presented), typical symptoms of phytotoxic 
damage (Goodman et al., 1986).  
 
Scanning Electron Microscopic Observations  
Primary root sections of ivyleaf morningglory examined by SEM revealed that 
cells of isolates GP4 and GD4 were consistently distributed on the surface of roots (Figs. 
6.2B and D); however, Isolate GD3 was partially localized into surface furrows of roots 
(Fig. 6.2C). Surface furrows appeared to be located at epidermal cell junctions. Root 
seedlings free of inoculant bacteria typically revealed a smooth, undamaged epidermal 
root surface (Fig. 6.2A). Visual examination of roots inoculated with isolates GD3 and 
GD4 appeared to be more distorted than with isolate GP4 (data not shown).   
Root surfaces from isolate GD4-inoculated seedlings were colonized with many 
clusters of cells associated with fibrillar material (arrows), which contributed to the 
formation of “microcolonies” (Fig. 6.2D). Microcolony formation by DRB on root 
surfaces frequently occurs with effective colonization (Begonia et al., 1990). Fibrillar 
materials are likely extracellular polymeric substances (EPS) composed of proteins and 
nucleic acids as well as polysaccharides (Wingender et al., 1999). When rhizobacteria are 
entrapped in such matrices, production of high IAA concentrations is possible, shown 
previously for rhizobacteria colonizing maize roots (Benizri et al., 1998).  
 
Ultrastructural observations with TEM 
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Light microscopic examination of root sections revealed bacteria within 
endodermal cells, however, no bacteria were found in cortex tissues. Thin sections of the 
endodermis examined by TEM had considerably altered root cells showing degradation 
of plasma membranes (or plasmalemmae) and partial cell wall and cytoplasmic 
disruptions (Fig. 6.3B). Extracellular materials (arrowhead) released by bacteria were 
observed, similar to polysaccharides reported in a previous study (Souissi et al., 1997). 
The interaction between the extracellular substances of bacteria and cell wall components 
of the host cell appeared to damage of the cell wall. Cell damage was not observed in 
control tissues (Fig. 6.3A) in which cell walls and plasmalemmae were distinct and 
continuous. In cells infected by isolate GP4, bacteria were surrounded by host cell 
organelles or fused with cell organelles (Fig. 6.3C). The cell wall was not distorted.  
 
Conclusion 
A hydroponic system was used for SEM and TEM where pre-germinated ivyleaf 
morning glory seedlings were inoculated with rhizobacteria.  Root elongation of 
seedlings inoculated by B. japonicum isolate GD3, and P. putida isolate GD4 was 
significantly inhibited (Fig. 6.1). Colonization of the root surface by bacteria is a 
necessary step to subsequent interactions between bacteria and host cells. Bacterial 
attachment to plant surfaces begins with attraction by seedling root exudates including 
amino acids, sugars, organic acids, and phenolic fractions (Begonia and Kremer, 1994). 
The ability of rhizobacteria to migrate chemotactically to substances released by seedling 
roots of ivyleaf morningglory may lead to higher bacterial colonization of roots. In 
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studying the mechanisms of P. putida and B. japonicum attachments to the root surface, 
Begonia and Kremer (1994) suggested that chemotaxis and IAA produced by bacteria 
might be responsible for weed growth suppression. Such mechanisms would enhance the 
capability to colonize and adversely affect host tissue as observed by SEM and TEM.  
Rhizobacteria may affect their host in a way similar to phytopathogenic bacteria through 
the production of enzymes, phytotoxins, or phytohormones (Loper and Schroth, 1986; 
Schippers et al., 1987). As shown in our study, cell walls of morningglory roots appeared 
to be dissolved or eroded. Hydrolytic action of enzymes was produced by the inoculant 
rhizobacteria. A previous study reported that Pseudomonas fluorescens isolate LS102 had 
deleterious effects on leafy spurge growth though the production of proteases (Souissi et 
al., 1997). Rhizobacteria in the present study may be potential biocontrol agents for 
managing morningglory, which is difficult to control with herbicides in many cropping 
systems, and may be very tolerant to glyphosate applied at recommended rates to 
glyphosate-resistant crops. Furthermore, B. japonicum isolate GD3 may readily establish 
high populations in soybean rhizospheres, be available to colonize any developing roots 
of morningglory seedlings adjacent to soybean, and subsequently suppress morningglory 
growth thereby supplementing herbicide control of this weed. 
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Table 6. 1. IAA production of B. megaterium isolate GP4, B. japonicum isolate GD3, 
and P. putida isolate GD4 by colorimetric IAA assay. 
 
Isolate IAA production 
 -- μM -- 
Bacillus megaterium isolate GP4 1.58 c† 
Bradyrhizobium japonicum isolate GD3 365.38 a 
Pseudomonas putida isolate GD4 39.31 b 
†Means within a column followed by the same letter are not significantly different at the 
5% level based on LSD. 
 
Table 6. 2. Top fresh weight of Ivyleaf morningglory by the rhizobacteria (7 days).  
 
Treatment Plant top weight 
 -- mg -- 
Control 281 a† 
B. megaterium isolate GP4 263 a 
B. japonicum isolate GD3 225 a 
P. putida isolate GD4 60 b 
†Means within a column followed by same letter are not significantly different at 5% 
level based on LSD. 
 
Table 6. 3. Rhizobacterial colonization of morningglory roots (7 days).  
 
Treatment Bacterial population 
 Log cfu·g-1 fresh root 
Control 0 c† 
B. megaterium isolate GP4 5.1 ab 
B. japonicum isolate GD3 4.8 b 
P. putida isolate GD4 6.2 a 
†Means within a column followed by same letter are not significantly different at 5% 
level based on LSD. 
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Fig. 6. 1. Root elongation of morningglory seedlings inoculated by B. megaterium 
isolate GP4, B. japonicum isolated GD3, and P. putida isolate GD4 in the hydroponic 
system. Vertical bars indicate LSD(α=0.05). 
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Fig. 6. 2. SEM of root tissue of morningglory seedlings seven days after inoculation. 
(A) Root surface of non-inoculated seedlings free of bacteria; (B) B. megaterium 
isolated GP4; (C) B. japonicum isolate GD3, and (D) P. putida isolate GD4. 
Examples of distinct fibrillar material released by bacteria are denoted by arrows in 
B, C, and D; formation of microcolonies or clustered cells are denoted by 
arrowheads in C and D.  
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Fig. 6. 3.  TEM of morningglory seedling root tissue seven days after inoculation. 
Non-inoculated root tissue (A); root tissue inoculated by Isolate GD4 (B) in which 
partial plasma membrane and cell wall dissolution (arrow) and the association 
between bacterial cells and root cell wall components (arrowhead) are evident; root 
tissue inoculated with isolate GP4 (C) in which bacterial cells are surrounded by 
host cell organelles. B, bacterium; C, cytoplasm; CW, cell wall; IS, intercellular 
space; M, mitochondrion; N, nucleolus; RER, rough endoplasmic reticulum; PM, 
plasma membrane; V, vacuole. 
 
 
 
 
 
 - 138 - 
References 
Alström, S. and R.G. Burns. 1989. Cyanide production by rhizobacteria as a possible 
mechanism of plant growth inhibition. Biol. Fertil. Soils 7:232-238. 
 
Antoun, H., C.J. Beauchamp, N. Goussard, R. Chabot, and R. Lalande. 1998. Potential of 
rhizobacteria on non-legumes: Effect on radishes (Raphanus sativus L.). Plant Soil 
204:57-67. 
 
Ateh, C. M. and R.G. Harvey. 1999. Annual weed control by glyphosate in glyphosate-
resistant soybean (Glycine max). Weed Technol. 13:394-398. 
 
Bakker, A. W. and B. Shippers. 1987. Microbial cyanide production in the rhizosphere in 
relation to potato yield reduction and Pseudomonas spp-mediated plant growth-
stimulation. Soil Biol. Biochem. 19:451-457. 
 
Barazani, O and J. Friedman. 1999. Is IAA the major root growth factor secreted from 
plant-growth-mediating bacteria? J. Chem. Ecol. 25:2397-2406. 
 
Begonia, M.F.T. and R.J. Kremer. 1994. Chemotaxis of deleterious rhizobacteria to 
velvet leaf (Abutilon theophrasti Medik.) seeds and seedlings. FEMS Microbiol. 
Ecol. 15:227-236. 
 
Begonia, M.F.T., R.J. Kremer, L. Stanley, and A. Jamshedi. 1990. Association of bacteria 
with velvetleaf roots. Transactions of the Missouri Academy of Science 24:17-26. 
 
Benizri, E.A. C. Courtade, C. Picard, and A.Guckert. 1998. Role of maize root exudates 
in the production of auxins by Pseudomonas fluorescens M.3.1. Soil Biol. Biochem. 
30:1481-1484. 
 
Bolton, H. J. and L.F. Elliott. 1989. Toxin production by a rhizobacterial Pseudomonas 
sp. that inhibits wheat root growth. Plant Soil 114:269-278. 
 
Bric, J.M., R.M. Bostock, and S.E. Silverstone. 1991. Rapid in situ assay for indoleacetic 
acid production by bacteria immobilized on a nitrocellulose membrane. Appl. 
Environ. Microbiol. 57:535-538. 
 
Brimecombe, M.J. F.A. DeLeij, and J.M. Lynch.  2001. p.95-140. The effect of root 
exudates on rhizosphere microbial populations. In R. Pinton et al. (ed.) The 
rhizosphere: biochemistry and organic substances at the soil-plant interface. Marcel 
Dekker, Inc. New York. 
 
Culpepper, A.S., A.C. York, R.B. Batts, and K.M. Jennings. 2000. Weed management in 
glufosinate- and glyphosate-resistant soybean (Glycine max). Weed Technol. 14:77-
88.  
 
 - 139 - 
Dowler, C.C. 1992. Weed Survey Southern States. p. 392-407. In Proc. South. Weed Sci. 
Soc. Vol. 45. South. Weed Sci. Soc., Champaign, IL.  
 
Dubeikovsy, A. N., E.A. Mordukhova, V.V. Kochetkov, F.Y. Polikarpova, and A.M. 
Boronin. 1993. Growth promotion of blackcurrant softwood cuttings by recombinant 
strain Pseudomonas fluorescens BSP53a synthesizing an increased amount of 
indole-3-acetic acid. Soil Biol. Biochem. 25:1277-1281. 
 
Fredrickson, J. K. and L.F. Elliott. 1985a. Effects on winter wheat seedling growth by 
toxin-producing rhizobacteria. Plant Soil 83:399-409. 
 
Fredrickson, J. K. and L.F. Elliott. 1985b. Colonization of winter wheat roots by 
inhibitory rhizobacteria. Soil Sci. Soc. Am. J. 49:1172-1177. 
 
Gaudin, V., T. Vrain, and L. Jouanin. 1994. Bacterial genes modifying hormonal 
balances in plants. Plant Physiol. Biochem. 32:11-29. 
 
Goodman, R. N., Z. Kiraly, and K.R. Wood. 1986. The infection process. p. 14-29. In 
R.N. Goodman et al. (ed.) The Biochemistry and Physiology of Plant disease. 
University of Missouri Press, Columbia, Missouri. 
 
Gordon, S. A., and R.P. Weber. 1951. Colorimetric estimation of indoleacetic acid. Plant 
Physiol. 26:192-195. 
 
Hoagland, D. R. and I. Arnon. 1938. The water-culture method for growing plants 
without soil: Calif. Agric. Exp. Sta. Cir. 347. 
 
Johnson, B. F., W.A. Bailey, H.P. Wilson, D.L. Holshouser, D.A. Herbert, and T. E. 
Hines. 2002. Herbicide effects on visible injury, leaf area, and yield of glyphosate-
resistant soybean (Glycine max). Weed Technol. 15:554-566. 
 
Jordan, D. L., A.C. York, J.L. Griffin, P.A. Clay, P.R. Vidrine, and D.B. Reynolds.1997. 
Influence of application variables on efficacy of glyphosate. Weed Technol. 11:354-
362. 
 
Kim, S.-J. and R.J. Kremer. 2005. Scanning and transmission electron microscopy of root 
colonization of morningglory (Ipomoea spp.) seedlings by rhizobacteria. Symbiosis 
39:117-124. 
 
King, E.O., M.K. Ward, and D.E. Rainey. 1954. Two simple media for the demonstration 
of pyocyanin and fluorescein. J. Lab. Clinic. Med. 44:301-307. 
 
Krausz, R. F., G. Kapusta, and J.L. Matthews. 1996. Control of annual weeds with 
glyphosate. Weed Technol. 10:957-962. 
 
 - 140 - 
Kremer, R. J., M.F.T. Begonia, L. Stanley, and E.T. Lanham. 1990. Characterization of 
rhizobacteria associated with weed seedlings. Appl. Environ. Microbiol. 56:1649-
1655.  
 
Kremer, R. J. and A.C. Kennedy. 1996. Rhizobacteria as biocontrol agents of weeds. 
Weed Technol. 10:601-609. 
 
Li, J., R.J. Kremer. 2000. Rhizobacteria associated with weed seedlings in different 
cropping systems. Weed Sci. 48:734-741. 
 
Li, J., R.J. Kremer, and L.M.Ross, Jr. 2002. Electron microscopy of root colonization of 
Setaria viridis by deleterious rhizobacteria as affected by soil properties. Symbiosis 
32:1-14. 
 
Liu, S. -T., K.L. Perry, C.L. Schardl, and C.I. Kado. 1982. Agrobacterium Ti plasmid 
indoleacetic acid gene is required for crown gall oncogenesis. Proc. Natl. Acad. Sci 
USA. 79:2812-2816. 
 
Loper, J. E. and M.N. Schroth. 1986. Influence of bacterial sources of indole-3-acetic 
acid on root elongation of sugar beet. Phytopathology. 76:386-389. 
 
Sarwar, M. and R.J. Kremer. 1995. Enhanced suppression of plant growth through 
production of L-tryptophan-derived compounds by deleterious rhizobacteria. Plant 
Soil 172:261-269. 
 
Schippers, B. A.W. Bakker, and P.A.H.M. Bakker. 1987. Interactions of deleterious and 
beneficial rhizosphere microorganisms and the effect of cropping practices. Ann. 
Rev. Phytopathol. 25:339-358. 
 
Shaner, D. L. 2000. The impact of glyphosate-tolerant crops on the use of other 
herbicides and on resistance management. Pest. Manag. Sci. 56:320-326. 
 
Souissi, T., R.J. Kremer, and J.A. White. 1997. Scanning and transmission electron 
microscopy of root colonization of leafy spurge (Euphorbia esula L.) seedlings by 
rhizobacteria. Phytomorphology. 42:177-193. 
 
Wait, J. D., W.G. Johnson, and R.E. Massey. 1999. Weed management with reduced 
rates of glyphosate in no-till, narrow-row, glyphosate-resistant soybean (Glycine 
max). Weed Technol. 13:478-483. 
 
Werner, D. 1992. The rhizobium/Bradyrhizobium-fabales symbiosis. p. 49-167. In D. 
Werner. (ed.) Symbiosis of Plants and Microbes. Chapman & Hall, London. UK. 
 
Wingender, J., Neu, T. R., Flemming, H. -C., 1999. What are bacterial extracellular 
polymeric substances? p. 1-20. In J. Wingender et al. (ed.) Microbial Extracellular 
Polymeric Substances. Springer-Verlag, Berlin. Germany. 
 - 141 - 
Xie, H., J.J. Pasternak, and B.R. Glick. 1996. Isolation and characterization of mutants of 
the plant growth promoting rhizobacterium Pseudomonas putida GR12-2 that 
overproduce indoleacetic-acid. Curr. Microbiol. 32:67-71. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 142 - 
CHAPTER 7 
SUMMARY 
 
 This study examined the impact of glyphosate-resistant (GR) soybean receiving 
glyphosate on rhizobacterial activities involved in indole-3-acetic acid (IAA) production 
and organic C and N mineralization in different soil management systems [Bradford 
Research and Extension Center (BREC) soil vs. Tucker Prairie (TP) soil; cultivated soil 
with herbicide-use history vs. non-cultivated soil] and also whether subsequent use of 
commercial foliar amendments consisting of micronutrients or urea solution could offset 
possible impacts of glyphosate on rhizosphere activities of GR soybean. Also, potential 
biological control of ivyleaf morningglory (Ipomoea hederacea), presumably tolerant to 
glyphosate, was investigated using the rhizobacterium, Bradyrhizobium japonicum isolate 
GD3, which produced high concentrations of IAA in a hydroponic system and in soil. 
Hypotheses for the research included:  
5. The increased IAA synthesis correlates with the inhibition of growth. Glyphosate 
may increase populations of rhizobacteria which synthesize IAA and may 
influence the IAA synthesis in rhizobacteria. Foliar amendments (biostimulant, 
Bio; urea solution, US) may offset potential impacts of glyphosate on IAA-
producing rhizobacteria (IPR) of GR soybean. 
6. Glyphosate applied to glyphosate-resistant soybean affects microbial activity in 
the rhizosphere and alters the balance of organic C and N. Foliar amendments 
may offset potential impacts of glyphosate on rhizosphere activities of GR 
soybean. 
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7. Weed growth is suppressed significantly by DRB which synthesize higher 
amounts of auxins.  
8. Rhizobacteria colonize root surfaces of ivyleaf morningglory (Ipomoea 
hederacea) with readily detectable colonization sites and modifications of cellular 
structure. 
The conclusions drawn from this study are: 
1. In 2002 and 2003 field studies, highest total bacteria (TB) populations were 
associated with Bio, suggesting that additional substrate from Bio enhanced 
bacterial numbers and possibly glyphosate metabolism. Glyphosate applied to GR 
soybean in the greenhouse either maintained or slightly increased TB numbers in 
TP soil.  
2. In the greenhouse study, glyphosate application slightly hindered IPR numbers 
relative to TB numbers regardless of foliar amendment.  
3. A diverse array of rhizobacterial species was isolated that varied morphologically 
in development of colony pigment from the 2005 greenhouse study and was 
composed mainly of fluorescent pseudomonads, Bacillus spp., and Agrobacterium 
spp. IAA-producing bacterial species isolated from BREC soil were more diverse 
taxonomically than those from TP soil. Phyllobacterium rubiacearum, a species 
known as an endophytic bacterium, produced extremely high amounts of IAA 
with a range of 110.38 to 124.07 µg· ml-1. To our knowledge, Phyllobacterium 
spp. has not been reported previously as components of the soybean rhizosphere. 
This first report of high IAA-producing Phyllobacterium has implications for 
future soybean rhizosphere-rhizobacteria interactions. 
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4. In the field study, glyphosate application on GR soybean decreased total organic 
C (TOC) and total organic N (TON) in the rhizosphere. Furthermore, N 
mineralization varied depending on soil adsorption of glyphosate and urea 
solution application to GR soybean.  
5. In TP soil evaluated in the greenhouse study, C mineralization and nitrification of 
NH4+ - N to NO3- - N by microbial activities decreased, possibly due to low pH. 
The association of glyphosate with GR soybean promoted urease-producing 
microorganisms under high organic matter and low pH.  
6. In BREC soil of greenhouse study, glyphosate application decreased both TON 
and TIN on GR soybean since presumed lower adsorption of the herbicide might 
interfere with microbial activities involved in N mineralization and low organic 
matter might reduce microbial mineralization of C on GR soybean and non-
transgenic (Williams 82; W82) soybean due to increased competition with other 
microorganisms for nutrient sources in the short term. Rhizosphere urease activity 
may be influenced by soybean cultivars and foliar amendment treatments. 
7. Inhibition of ivyleaf morningglory seedling growth by Bradyrhizobium japonicum 
isolate GD3 was greater than IAA alone. 
8. Inhibition of morningglory root growth by isolate GD3 might be related to 
production of high concentrations of IAA; other phytotoxins likely contributed to 
inhibiting root elongation of morningglory inoculated with isolate GD4.  
Overall, GR soybean may modify the composition of the rhizobacteria including 
IAA-producing component to a limited extent, which is influenced by soil management. 
Rhizobacteria producing IAA selected from both GR and W82 soybeans were composed 
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mainly of fluorescent and non-fluorescent pseudomonads and Bacillus species. IAA-
producing bacterial species isolated from BREC soil were more diverse taxonomically 
than those from TP soil. Therefore, continuous use of glyphosate on GR soybean may 
affect potential ability of rhizobacteria to produce IAA. Limited effects of herbicide and 
foliar amendments on microbial respiration, N mineralization, and urease activity 
suggested that reduced levels of exudates including C and N sources released into GR 
soybean rhizospheres may minimize microbial activity regardless of bacterial populations.  
Specific rhizobacteria isolated during the present study may be potential 
biocontrol agents for managing ivyleaf morningglory, which is difficult to control with 
glyphosate in many cropping systems. Colonization of the root surface by bacteria is a 
necessary step to subsequent interactions between bacteria and host cells. Isolates GD3 
and GD4 may affect morningglory in a way similar to phytopathogenic bacteria through 
the production of enzymes, phytotoxins, or phytohormones. High levels of IAA 
production of isolate GD3 likely adversely affected morningglory seedling tissue as 
observed by SEM and TEM. Excess IAA production of isolate GD3 may be more 
detrimental to radicle growth of morningglory than IAA solution alone. Amending soil 
with rhizobacteria able to produce high levels of IAA may suppress morningglory 
seedling growth and act synergistically with glyphosate in managing this glyphosate-
tolerant weed.  Isolate GD3 may readily establish high populations in soybean 
rhizospheres, be available to colonize any developing roots of morningglory seedlings 
adjacent to soybean, and subsequently suppress morningglory growth thereby 
supplementing herbicide control. 
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Appendices 
Appendix 1. Design for the field experiments in 2002 and 2003. 
Treatments 
1. No Glyphosate  
2. Glyphosate (Gly) 
3. Biostimulant (Bio) 
4. Urea Solution (US) 
5. Gly and Bio 
6. Gly and US 
 
Randomized complete block design 
R = Replication is a Random Factor 
H = Herbicide is a Fixed Factor 
F = Foliar amendment is a Fixed Factor 
D = Date is a Fixed Factor 
 
Yijkmq = μ + Ri + Dj + RDij + Hk + RHik + DHik + RDHijk  
 
+ Fm + RFim + DFjm + RDFijm + HFkm+ RHFikm + DHFjkm + RDHFijkm + εq(ijkm) 
 
 
with i = 1, 2, 3, 4, j = 1, 2, 3, 4, k = 1, 2, m = 1, 2, 3, and q = 1.  
 
 
 
 
 
 
 
whole plot main plot 
split plot 
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EMS 
   4 4 2 3 1  
   R F F F R  
 Source df i j k m q EMS 
Whole Plot Ri 3 1 4 2 3 1 σε2 + 24 σ2R 
 Dj 3 4 0 2 3 1 σε2 + 6σ2RD + 24ΦD 
 RDij 9 1 0 2 3 1 σε2 + 6σ2RD 
Split-Plot Hk 1 4 4 0 3 1 σε2 + 12σ2RH + 48ΦH 
 RHik 3 1 4 0 3 1 σε2 + 12σ2RH 
 DHik 3 4 0 0 3 1 σε2 + 3σ2RDH + 9ΦDH 
 RDHijk 9 1 0 0 3 1 σε2  + 3σ2RDH 
Split-Split-  Fm 2 4 4 2 0 1 σε2 + 8σ2RF  +  36ΦF 
Plot RFim 6 1 4 2 0 1 σε2 + 8σ2RF  
 DFjm 6 4 0 2 0 1 σε2 + 2σ2RDF + 8ΦDF 
 RDFijm 12 1 0 2 0 1 σε2 + 2σ2RDF  
 HFkm 2 4 4 0 0 1 σε2 + 4σ2RHF + 16ΦHF 
 RHFikm 6 1 4 0 0 1 σε2 + 4σ2RHF 
 DHFjkm 6 4 0 0 0 1 σε2 + σ2RDHF + 4ΦDHF 
 RDHFijkm 18 1 0 0 0 1 σε2 + σ2 DRFH 
 εq(ijkm) 0 1 1 1 1 1 σε2 (not retrievable) 
 Total 89       
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Appendix 2. Design for 2005 greenhouse experiment. 
Treatments 
1. Tucker Prarie (TP)+ non-transgenic soybean (W82) + no glyphosate (No Gly) + 
biostimulnat (Bio) 
2. TP+ W82 + No Gly  
3. TP+ W82 + No Gly + urea solution (US) 
4. TP+ glyphosate-resistant soybean (GR) + No Gly + Bio 
5. TP+ GR + No Gly  
6. TP+ GR + No Gly + US 
7. TP+ GR + glyphosate (Gly) + Bio 
8. TP+ GR + Gly  
9. TP+ GR + Gly + US 
10. Bradford Research and Extension Center (BREC) + W82 + No Gly + Bio 
11. BREC + W82 + No Gly 
12. BREC + W82 + No Gly + US 
13. BREC + GR + No Gly + Bio 
14. BREC + GR + No Gly  
15. BREC + GR + No Gly + US 
16. BREC + GR + Gly + Bio 
17. BREC + GR + Gly 
18. BREC + GR + Gly + US 
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Randomized complete block design 
Ri = Replication is a Random Factor, i = 1, 2, 3, 4, 5 
Dj = Date is a Fixed Factor, j = 1, 2, 3, 4 
Sk = Soil is a Fixed Factor, k = 1, 2 
Vm = Variety is a Fixed Factor, m = 1, 2, 3 
Hq(m) = Herbicide treatment within varieties, q = 1, for all m 
Ft = Foliar amendment is a Fixed Factor, t = 1, 2, 3 
 
Yijkmq = μ + Ri + Dj + RDij + Sk + RSik + DSik + RDSijk + Vm + RVim + DVjm + RDVijm + 
Ft + RFit + DFjt + RDFijt + SFkt + RSFikt + DSFikt + RDSFijkt + VFmt + RVFimt + DVFjmt + 
RDVFijmt +  
 
RDSHFijkqt(m) + Hq(m) + RHiq(m) + DHjq(m) + RDHijq(m) + SHkq(m) + RSHikq(m) + DSHikq(m) + 
RDSHijkq(m) + HFqt(m) + RHFiqt(m) + DHFjqt(m) + RDHFijqt(m) + SHFkqt(m) + RSHFikqt(m) + 
DSHFikqt(m) + εr(ijkmqt) 
 
 
 
 
 
 
 
 
 
 
 
between subjects
within subjects
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EMS 
  5 4 2 3 1 3 1  
  R F F F F F R  
Source df i j k m q t r EMS 
Ri 4 1 4 2 3 1 3 1 σε2 + 72 σ2R 
Dj 3 5 0 2 3 1 3 1 σε2 + 18σ2RD + 90ΦD 
RDij 12 1 0 2 3 1 3 1 σε2 + 18σ2RD 
Sk 1 5 4 0 3 1 3 1 σε2 + 36σ2RS + 180ΦS 
RSik 4 1 4 0 3 1 3 1 σε2 + 36σ2RS 
DSik 3 5 0 0 3 1 3 1 σε2 + 9σ2RDS + 45ΦDS 
RDSijk 12 1 0 0 3 1 3 1 σε2  + 9σ2RDS 
Vm 2 5 4 2 0 1 3 1 σε2 + 24σ2RV  +  120ΦV 
RVim 8 1 4 2 0 1 3 1 σε2 + 24σ2RV  
DVjm 6 5 0 2 0 1 3 1 σε2 + 6σ2RDV + 30ΦDV 
RDVijm 24 1 0 2 0 1 3 1 σε2 + 6σ2RDV  
SVkm 2 5 4 0 0 1 3 1 σε2 + 12σ2RSV + 60ΦSV 
RSVikm 8 1 4 0 0 1 3 1 σε2 + 12σ2RSV  
DSVikm 6 5 0 0 0 1 3 1 σε2 + 3σ2RDSV + 15ΦDSV 
RDSVijkm 24 1 0 0 0 1 3 1 σε2 + 3σ2RRDV  
Ft 2 5 4 2 3 1 0 1 σε2 + 24σ2RF + 120ΦF 
RFit 8 1 4 2 3 1 0 1 σε2 + 24σ2RF  
DFjt 6 5 0 2 3 1 0 1 σε2 + 6σ2RDF + 30ΦDF 
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  5 4 2 3 1 3 1  
  R F F F F F R  
Source df i j k m q t r EMS 
RDFijt 24 1 0 2 3 1 0 1 σε2 + 6σ2RDF  
SFkt 2 5 4 0 3 1 0 1 σε2 + 12σ2 RSF + 60ΦSF 
RSFikt 8 1 4 0 3 1 0 1 σε2 + 12σ2 RSF  
DSFikt 6 5 0 0 3 1 0 1 σε2 + 3σ2 RDSF + 15ΦDSF 
RDSFijkt 24 1 0 0 3 1 0 1 σε2 + 3σ2 RDSF 
VFmt 4 5 4 2 0 1 0 1 σε2 + 8σ2RVF + 40ΦVF 
RVFimt 16 1 4 2 0 1 0 1 σε2 + 8σ2RVF  
DVFjmt 12 5 0 2 0 1 0 1 
σε2 + 2σ2RDVF + 
10ΦDVF 
RDVFijmt 48 1 0 2 0 1 0 1 σε2 + 2σ2RDVF  
SVFkmt 4 5 4 0 0 1 0 1 σε2 + 4σ2RSVF + 20ΦSVF 
RSVFikmt 16 1 4 0 0 1 0 1 σε2 + 4σ2RSVF  
DSVFikmt 12 5 0 0 0 1 0 1 
σε2  +  σ2RDSVF + 
5ΦDSVF 
RDSVFijkmt 48 1 0 0 0 1 0 1 σε2 +  σ2RDSVF   
Hq(m) 0 1 4 2 0 0 3 1 σε2 (not retrievable) 
RHiq(m) 0 1 0 2 0 0 3 1 σε2 (not retrievable)  
DHjq(m) 0 5 0 2 0 0 3 1 σε2 (not retrievable) 
RDHijq(m) 0 1 0 2 0 0 3 1 σε2 (not retrievable) 
SHkq(m) 0 5 4 0 0 0 3 1 σε2 (not retrievable) 
RSHikq(m) 0 1 4 0 0 0 3 1 σε2 (not retrievable)  
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  5 4 2 3 1 3 1  
  R F F F F F R  
Source df i j k m q t r EMS 
DSHikq(m) 0 5 0 0 0 0 3 1 σε2 (not retrievable) 
RDSHijkq(m) 0 1 0 0 0 0 3 1 σε2 (not retrievable) 
DSFHiktq(m) 0 5 0 0 0 0 0 1 σε2 (not retrievable) 
RDSFHijktq(m) 0 1 0 0 0 0 0 1 σε2 (not retrievable) 
εr(ijkmqt) 0 1 0 0 0 0 0 1 σε2 (not retrievable) 
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Appendix 4. Identification of isolates by gas chromatography-fatty acid methyl ester 
analysis (GC-FAME). Selected isolates were classified based on their morphological  
structure before identifying isolates by GC-FAME. 
 
Method Isolate code Similarity index Entry name 
TSBA40† 192-1-1D 0.721 Pseudomonas syringae  
 155-1-2D 0.809 Pseudomonas syringae  
 208-1-2D 0.855 Pseudomonas syringae  
 191-2-1D 0.740 Pseudomonas syringae  
 63-3-12B 0.754 Bacillus flexus 
 93-2-11C 0.603 Phyllobacterium rubiacearum 
 95-1-1C 0.790 Bacillus flexus 
 103-1-2C 0.821 Pseudomonas syringae  
 118-2C 0.839 Ochrobactrum anthropi 
 88-3-1C 0.910 Agrobacterium radiobacter 
 78-2-1C 0.512 Phyllobacterium rubiacearum 
 73-3-11C 0.541 Microbacterium esteraromaticum 
 29-1B 0.599 Stenotrophomonas maltophilia 
 2-15-2A 0.079 Neisseria mucosa 
 4-8-3A 0.681 Pseudomonas syringae  
 221-2-2D 0.868 Aeromonas salmonicida 
 4-12-2A 0.851 Alcaligenes xylosoxydans 
 162-1-1D 0.463 Pseudomonas syringae  
 229-1-1D 0.669 Pseudomonas syringae  
 3-12-2A 0.621 Agrobacterium salmonicida 
 5-6-2A 0.887 Ochrobactrum anthropi 
 5-15-3A 0.884 Agrobacterium radiobacter 
 5-3-3A 0.179 Brevundimonas vesicularis 
 2-12-2A 0.202 P. coronafaciens 
 86-1-11C 0.487 Micrococcus luteus 
 130-1-1C 0.534 Pseudomonas syringae  
 116-1-2C 0.712 Pseudomonas syringae  
 175-1-2D 0.253 Pseudomonas syringae  
 64-3C 0.324 Pseudomonas fluorescens 
 66-2-1B 0.747 Bacillus megaterium 
 77-2-1C 0.523 Phyllobacterium rubiacearum 
 55-2-11C 0.225 Pseudomonas balearica 
 62-3-1C 0.511 Agrobacterium radiobacter 
 60-3-12C 0.387 Phenylobacterium immobile 
 86-1-12C 0.454 Bacillus lentimorbus 
 - 155 - 
Appendix 4 (continued) 
Method Isolate code Similarity index Entry name 
TSBA40† 71-1-1C 0.185 Agrobacterium radiobacter 
 157-2-1D 0.445 Janthinobacterium lividum 
 207-2-1D 0.449 Pseudomonas syringae 
 57-1-1C 0.707 Pseudomonas fluorescens 
 98-1-1C 0.441 Pseudomonas syringae 
 111-1-1C 0.447 Pseudomonas syringae 
 105-1-1C 0.778 Stenotrophomonas maltophilia 
 222-2-1D 0.609 Pseudomonas syringae 
 169-2-1D 0.444 Pseudomonas syringae 
 34-1B 0.694 Ochrobactrum anthropi 
 168-2-2D 0.420 Vibrio logei 
 3-15-1A 0.902 Agrobacterium radiobacter 
 1-15-2A 0.816 Stenotrophomonas maltophilia 
 41-2B 0.507 Janthinobacterium lividum 
 43-2-32B 0.550 Comamonas acidovorans 
 209-1-1D 0.538 Vibrio logei 
  225-1-1D 0.339 Vibrio logei 
 221-2-1D 0.287 Vibrio fischeri 
† represents a library of GC-FAME using tryptic soy broth agar. 
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Appendix 10. Design for response of ivyleaf morningglory (Ipomoea hederacea) 
seedlings to IAA solution. Completely randomized single-factor experimental design is 
a measure of seedling radicle length of 10 pre-germinated ivyleaf morningglory (Ipomoea 
hederacea) seeds with 5 replicates and 5 concentrations (control, 0.1, 1, 10, and 100 μM) 
of IAA solution. 
 
Statistical model 
Yij = μ + τj+ + εij 
with Yij, i = 1, 2, 3, 4, 5, on the j th treatment when j = 1, 2, 3, 4, 5  
H0 : τ1 = ….. = τ9 = 0  
H1 : τj ≠ 0 for some j = 1, 2, 3, 4, 5  
 
Source df SS MS F p value 
IAA solution 4 3375.39 843.85 36.43 <0.0001 
Error 20 463.24 23.16   
Totals 24 3838.63    
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Appendix 11. Design for response of ivyleaf morningglory (Ipomoea hederacea) 
seedlings to Bradyrhizobium japonicum isolate GD3. Soils collected from a horizon of 
a Mexico silt loam (fine, smectitic, mesic, Aeric Vertic Epiaqualfs) at the BREC were 
used. Five seeds of morningglory were planted in 6.1 cm by 7.0 cm round plastic pots. 
The experimental design was a randomized complete design with 6 replicates; 9 
concentrations (control, 10, 102, 103, 104, 105, 106, 107, and 108).  
 
Dose Log (conc.of isolate GD3) Treatments 
0 0 1 
10 1 2 
100 2 3 
1000 3 4 
10000 4 5 
100000 5 6 
1000000 6 7 
10000000 7 8 
100000000 8 9 
 
Treatment combination arrangement of concentration response of morningglory 
 
Rep 1 4 5 2 1 9 7 8 3 6 
Rep 5 7 5 4 8 3 1 9 6 2 
Rep 6 5 1 3 8 6 9 4 2 7 
Rep 3 7 2 5 4 6 3 1 8 9 
Rep 2 4 7 8 5 6 9 2 1 3 
Rep 4 1 2 9 4 5 8 7 6 3 
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Statistical model and variables evaluated 
 Completely randomized single-factor experimental design is a measure for biomass and 
rating with Log (conc.of isolate GD3) for a total of 9 treatments with 6 replications.  
 
Yij = μ + τj+  εij 
with Yij, i = 1, 2, 3, 4, 5, 6, on the jth treatment when j = 1, 2, 3, 4, 5, 6, 7, 8, 9  
H0 : τ1 = ….. = τ9 = 0  
H1 : τj ≠ 0 for some j = 1, 2, 3, 4, 5, 6, 7, 8, 9  
 
Variable Source df SS MS F P value 
Biomass Treatment 8 80.93 10.12 27.57 <0.0001 
 Error 45 16.51 0.36   
 Totals 53 97.44    
Rating Treatment 8 53.94 6.74 9.42 <0.0001 
 Error 45 32.20 0.72   
 Totals 53 86.14    
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Appendix 12. Shikimic acid pathway  
Phosphoenolpyruvate (PEP) + Erythrose 4-phosphate
2-Keto-3-deoxy-D-arabinopheptulosonate 7-phosphate
3-Dehydroquinate
NADPH + H+ 3-Dehydroshikimate
Shikimate
Shikimate 3-phosphate 
2-keto-3-deoxy-D-arabinoheptulosonate 7-phosphate 
synthase
dehydroquinate synthase
3-dehydroquinate dehydratase
shikimate dehydrogenase
shikimate kinase
5-enolpyruvylshikimate 3-phosphate 
synthase
(Glyphosate is a competitive inhibitor)
Enolpyruvylshikimate 3-phosphate
H2O
Pi,  NAD+
Pi
Pi
NADPH + H+
NADP+
H2O
ATP
ADP
PEP
Chorismate synthase
Chorismate
Aromatic Amino Acids (Phe, Tyr, Trp)
Alkaloids (indole), Flavonoid (pigments), Isoflavonoids (phytoalexins)  
Pi
Molecule
Enzyme
 
Adopted from Nelson, D. L. and M.M. Cox.  2000.  Lehninger Principles of Biochemistry, 3rd 
edition.  Worth Publishers, New York, NY.  pp 834   
 - 171 - 
Appendix 13. Microbial pathways of IAA biosynthesis  
Indole-3-acetamide pathway 
 
                                            Molecule 
            Enzyme 
 
 
 
 
 
 
 
 
 
 
Tryptophan 
Indole-3-acetamide 
Indole-3-acetic acid 
Trytophan 2-monooxygenase 
Indoleacetamide hydrolase 
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Indole-3-pyruvate pathway (A to C) and Trytophan side chain pathway (D) 
     
                                                   Molecule 
  Enzyme 
 
 
 
 
 
 
 
 
 
 
 
    Tryptophan 
            Indole-3-pyruvate 
          Indole-3-acetaldehyde 
         Indole-3-acetic acid 
Trytophan 
transferase (A) 
Indole-3-pyruvate 
decarboxylase (B) 
Indole-3-acetaldehyde 
oxidase (C) 
Tryptophan side chain 
oxidase (D) 
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Tryptamine pathway 
 
                                                      Molecule 
                     Enzyme 
 
 
 
 
 
 
 
 
Trytophan 
Trytamine 
Indole-3-acetaldehyde 
Indole-3-acetic acid 
Trytophan decarboxylase 
Amine oxidase 
Indole-3-
acetaldehyde oxidase 
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Indole-3-acetonitrile pathway 
 
 
Adopted from Patten, C.L. and B.R. Glick. Solid arrows represent a single enzymatic step; the 
broken arrow indicates that this pathway has not been fully characterized. 1996. Bacterial 
biosyntheisis of indole-3-acetic acid. Can. J. Microbiol. 42:207-220. 
 
 
 
 
 
 
 
 
 
 
 
Anthranilic acid Tryptophan 
Nitrile hydratase 
Indole-3-acetamide 
Indole-3-acetic acid 
Indole-3-acetonitrile Glucobrassicin 
Indole-3-acetaldoxime 
Amidase 
Nitrilase
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